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REPORT NO. 198

ASTRONONH(ML 31ETHODS Ill. AERIAL NAVIGATION
By K. HILDING BmJ

L SUMMARY

This report was prepared by the ~eronautie Instruments Seciion of the Bureau of Stanci-

arc{s. at the request of the ~Tational ~dtisory Committee for A.eronautice. .4. parfi of the

material vi-as made available by the courtesy of the War Department, from the results of inves-

tigations carried out at the Bureau of Standards for the Army Air Service.

The astronomical method of determining position is uni~ersaIly used in marine navigation

ancl may aIso be of sertice in aerial riatigat.ion. The practical applicatiort of the method,
however, must be modified and adapted to conform to the requirements of aviation. Much
of this work of adaptation has already been accomplished, but, being scattered through various
technical journals in a number of languages, is not readily available. This report is for the
purpose of collecting under one cover such pre-rious work as appears to be of -ralue to the aerial
navigator, comparing instruments and methods, indicating the best practice, and suggesting
future developments.

The ~arious methods of determining positio~ and their application and value are outlinecl,
and a brief r&um6 of the theory of the astronomical method is given. Observation instru-
ments are described in detail. A complete discussion of the reduction of observations follows,
including a rapid method of finding position from the altit.udes of two stars. Maps and map
cases are briefly considered. A bibliography of the subjeck is appended.

II. INTRODUCTION

L’avigation is that science or ari by means of which ships and aircraft are guided or con-
ducted by the most convenient route from one point to another on the earth’s surface. In
practice the navigator makes use of a number of different methods -which enable him to folIow
his course and to determine his geographical position from time to time during the progress of
the journey. At fist navigation consisted simply of piloting; and this method is still used
whene~er possible. In piloting the course is followed and position is determined by reference
to distincti~e landmarks, which are usualIy identified with the aid of a map or chart. When
this methocl fails, the navigator resorts to dead reckoning. This consists in deducing the

.

position at any time, and consequently the course to be pursued, from a record of the direction
and rate of tra-ml of the ship or aircraft from the known point of departure. The position as
found by dead reckoning is al-ways subject to errors due to the effects of ocean currents and
winds and to the inaccuracies of the instruments -which measure the speed or indicate direction.
OccasionaIIy these errors may be so great that the dead reckoning position is entirely unre-
liable; and this is especially so in the case of aerial navigation, since frequently the direction
and strength of the wind at. the altitude of the aircraft are unknown. In such cases, or -when-
e~er a check on the dead-reckoning position is -desirable, position may be determined by astro-
nomical observations or by radio bearings.

TKhen the first airplanes and airships had demonstrated that fight was practicable, the

possibilities of traversing great distances over land or sea by aircraft began to be considered.
Marine navigation was already a highIy de-reloped science. Its methods, through centuries “
of use, had been simplified, refined, and well adapted to their purpose. Its instruments for

273
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observation, by numwous inventions and the ever-increasing skill of instrument makers, had’
been brought to q high state of perfection. hTaturally these methods and instruments were
borrowed, with but few changes, by the pioneers in aerial navigation. However, it was soon

apparent that, while the fundamental principles of marine navigation could be adopted, more
or less radical changes were necessary in the practical application of these principles to the
navigation of the air,

The navigator is confronted in the air by conditions similar in nature to those encountered
at sea, but differing greatly in the effects which tl]ey produce. The tides and currents of the

seas have been charted with considerable accuracy; the surf ace winds have been caref u1ly

studied, and the general laws governing their behavior ha-v-e been macle Lmown, Thus the

mariner can usually make proper aIlowance for the action of ocean currents and winds., and his
dead-reckoning position is seldom greatly in error. Since the speed of ships is relatively small,
only occasional checks on the dead reckoning are necessary. Therefore astronomical observa-
tions are made only in the daytime when the horizon. i.s visible, and radio bearings are used
chiefly near the coast, if at all. On the other hand, the winds of the upper atmosphere are
almost unknown and can not be charted as ocean currents are. Furthermore, the speed of the
wind may be quite great compared-with that of the aircraft and thus may have a very considerable
effect. The strength and direction of the wind must be known if the navigator is to-make use of
dead reckoning. Usually these factors must be determined from Lhe aircraft, and this is a.
mat ter of considerable difficul~y. Often, at night or when the surface of the earth is obscured
by i’og or c]ouds, it is impossible. Dead reckoning, -while valuable and necessary, must always.
be a more or less uncertain method. For this reason, and because of the great speed of air-
craft, position must be determined by astronomical or radio methods at frequent intervals both
during the night and the day. Fortunately great accuracy is not required. There are no
dangerous rocks or shoals to avoid and, even if the objective is missed by a few miles, this will
mean but a few minutes of extra flying. In the exceptional case, where the aircraft must arrive
exactly at a given point, the radio compass will probably furnish a practical ‘solution of the
problem.

Aerial navigation is still in its infancy. Piloting is the only method in everyday use. Dead
reckoning is -very seldom employed; and astronomical obser~ations or radio bearings have been
attempted only in a few isolated cases, and then usually for experimental purposes rather than
as practical aids to navigation. This apparent lack of progress is due chiefly to the fact that
aviation is not as yet of any real economic importance in the field of transportation and con-
sequently there is no great demand for navigation. Practically all the advance which has been
made was accomplished with a view to-ward developing aircraft as instruments of war, AISQ
there are several outstanding problems which must be solved before aerial navigation in the
scientific sense can become possible. For example, a sufficiently accurate means for indicating
the vertical is wanting; no really satisfactory, ground speed indicator is available; and instru-
ments to aid in landing in fog have not yet been developed,

Aerial transportation on a commerical basis will undoubtedly become general witJtin the near
future. It is important, therefore, that as much as possible of the necessary development work.
be accomplished so that when the demand comes suitable methods and instruments for navigati-
ng will be available. .In the application of the general principles of navigation, certain demands.
must be fulfilled. The methods must be simple and” direct, requiring a minimum expenditure
of time and labor. All instruments must be simple in design, rugged in construction, md con-.
venient in operation. Although the accuracy of marine navigation need not be approached,
results must be reliable within the limits of error which may be adopted.

Since dead reckoning is very uncertain, often failing entirely, other methods for determin-
ing position are of far more importance than in marine na~igation. For short trips over familiar
country which has been well mapped great reliance can be placed on piloting. On long flights.
o~er the sea or over land deficient in distinctive landmarks or obscured by fog or clouds, and
territories relatively unknown which are mapped eikher poorly or not at aH, piloting is impos-
sible. Gyroscopic apparatus to indicate latitude and longitude has been suggested, but because,
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mechanical difficulties, no satisfactory instrument. has as -yet been con-
structed. Position ma-y be found by measurements of the s~rength and direction-of the earth’s
magnetic field.1 The method, however, is of little due in that it presents considerable instru-
mental difficulties and the results obtained are not sufEciently accurate. Astronomical position
determination as practiced at sea and the recent met.hocl of radio bearings seem to be the only
practical methods.

At present the radio direction finder appears to be the more promising. Hovever, the
method is subject to errors which may arise from distortion due to the electrical system and
the metallic parts of the ship, from possible deviations of the electromagnetic wa~es from their
theoretical great circle paths,’ and from disturbances due to static and strays. This method
is also limited considerably in practice, for if i~ is to be used to any great extenti ik must be
possible for any aircraft to get in touch with ak least two ground stations at frequent intwmls.
This requires a rather large number of sending stations scattered over the earth, with a personnel
on continuous duty. While this may be possible in the future, at present it is not the fact,
and therefore it is only under very limited conditions, both as to time and place, that a radio
fix can be obtained.

Thus there is a considerable field for the astronomical method. _iVhen there are no radio
sending stations in range, or in time of war -when it’ might be impossible to rely on the radio
direction finder, the astronomical method is the only one possible. Furthermore, it may be
used to check the results of the radio or to enable the navigator to get a complete & when only
one sending station is in range, by combining the radio position line with an astronomical
position line. .&o i~ ma-y supplement the radio direction finder in case the aircraft’s receiving
set should get out of order.

For the purposes of air navigation the astronomical method offers further advantages.
Its theory and practice have been studied by mariners for man-y years and have been reduced
to a science. While in many cases radical departures are necessary, much of the material,
such as tables and maps, is available for immediate use, or requires only slight modification
or simplification.: The method may be used by day or by night, whenever the heavens are
visible. Its practical application is simple, and results can be obtained in a ~ery few minutes.
The limitations of the method restrict its use to some extent, but otherwise do not reduce its
value. Elevated clouds, -when covering the greater part of the sky, -milI, of course, prec~ude
any observations. A. more serious defect lies in the fact. that in general only the sun is visible
du~ing the daytime and a complete determination of position can not be made. Instrumental
dif%mdties, such as that presented by the artificial horizon, are considerable; but it is reasonable
to suppose that these limitations vzdl be removed in the near future.

III. THEORY

.% brief outline only of the theory of deterti g position by astronomical observations

till be given here. For a detailed exposition of the subject any standard reference or text

“book on navigation maybe consulted.

The earth’s surface and the heavens may be considered as two concentric spherical surfaces

rotating with respect to each other, the heavens being at an intite distance from the center.

The relative position of the earth and heavens is determined by the time of day and the day

of the year. The axis of rotation, passing throug@ the earth’s poles, meets the celestial sphere

at the celestial poles; and the plane of the earth’s equator intersects the cele&ial sphere in the

celestial equator. Planes passing through the poles intersect the spheres in great circles, which

are ca~ed meridians. Similarly planes parallel to the equatorial plane determine small circles,

known as parallels.

The location of any point on the earth’s surface is specified by the coordinates of latitude and

longitude. Latitude is the angular distance north or south of the Equator measured on a

rIllnstrietieAemnautischeMitteihmgen,VOI.XDl,No.22,-Nov.3,K@.
. .

‘C~~8me~~@eor~~~~ug imBalfon,” by Dwtor”RWingm8kr.
~Bureauof Skndarda Scienti!%Paper N’o.353. ,.~-afitfon M D&e&f~n~-fPropagationOfL.XIgEkChO-%fF3g21etic‘2 V%” by Lieut. Com-

mancier.4. Hoyt TayIor, U. S. N. R. F.
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meridian in angular units from zero at the Equator to 90° at the poles. Nort& lztitudcs tire

recl<oned as positive and south latitudes negative. Longitude is the angular distance along the

Equator east or west of an arbitrary meridian measured in angular units or units of Lime from
zero to 180° or zero to 12 hours, and positive or negative according to whether it is west or east.
The arbitrary meridian commonly used is that of Greenwich. Longitudes may also bo measured
by the angles at the poles between the meridians, the zero meridian being that of Greenwich.

Several systems of coordinates are used. in locating stars on the celestial sphere, In one
system declination and right ascension are used, declinations on the celestial sphere king
measured exactly as latitudes are measured on the e~rth. Right ascension corresponds to

longitude but is measured eastward from an arbitrary zero, the first poin~ of Aries} through the
full circle of 360°, or 24 hours, If the prime meridian be tiken as passing through the observer’s
zenith, right ascension is replaced by hour angle ancl a second system is obtained in which Lhe
coordinates are decli.nabion and hour angle. Again we rna.y substitute the observer’s zenith

and nadir for the poles and his horizon for the equator, thus obtaining the coordinates of altitude
and azimuth, respectively. Other systems are also employed but are not important for the
purposes of navigation. It will he noticed that of the coordinate systems mentioned, the first

FIG.1.—Theastronomicaltriangle FIG,Z.—Circlesof equalaltitude

is entirely independent of the position of the observer, while the second is partIy and th~ third
wholly dependent OB Us position.

A straight line from any star to the center of the earth will meet the earth’s surface in a
point called the geographical position of the star. If the star’s declination and right ascension
and the time are known, this substellar point can be located in terms of Iatiiude and longitude.
The problem of the navigator consists in finding hiy geographical coordinates by locating
himself with reference to the geographical position of one or more stars.

In Figure 1, which is a representation of a portion of the earth’s surface, P is the pole, Z is the
position of the observer, and S is the geographical position of the star. These points form the
vertices of a spherical triangle ZPS which is known as the [[ astronomical triangle. ” It is

evident by inspection tihat in this triangle the side PS is equal to the co-declination, or polar

distance, of the star. Similarly 2S is hhe co+dtitude, or zenith distance, of the star, and l% is

the co-latitude of the observer. The angle at P is the hour angle, and the angle at Z is the

azimuth of the star. The angle at S is called the parallactic or position zngle.

If the navigator can solve this astronomical triangle, he will be able to fmd his latitude and

longitude. He must determine the side PZ, from which is derived the latitude, and the hour

angle P, which combined with the right ascension of the star will give the longitude, Since

the time is known, the right ascension and declination of the star maybe found from the Nautical

./almanac, and thus the side PS is determined. Then, if the altitude and azimuth of the star
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can be measured, two sides and an angle of the triangle will be known, from which the desired

parts can be computed.

The altitude (or zenith distance) is readily measured, but so far no practical means have been

devised whereby the azimuth may be observed with the required accuracy. Since the altitude

alone does not give sufficient data for the solution of the astronomical triangle, the latitucle and

longitude of the observer can not be determined directly. It is possible, howe~er, to lay down

z line on the chart on which hie position must be. If the a?.titudes of two stars can be observed

simultaneously, or nearly so, two such lines can be found and their point of intersection will

be the observer’s position. This method, discovered by Sumner and lat er simpfitled by Nfarcq

St. Hilaire, is universally used in the practice of navigation at sea.

Referring to Figge 2, S is the geographica~ position of a star at a given time. H the

observer were at S, at. this instant of time he wouId see the star in his zenith. Since for all

practical purposes the star is at an infinite distance, an observer at an ang.dar distance S’Z

from S would see the star at an angular distance SZ from his zenith. The loci of points equi-

distant from S, which are likewise the loci of’ the points at which the star appears at the same

zenith distance (or altitude], are circles which are known as circles of equal altitude. Having

measured the altitude of a star and kno~~ its geographical position, the navigator can find

the circle of equal altitude upon whose circumference he must be situated. From the simul-

taneous observation of a second star, he can determine a second circle which also passes through

his position. The intersection of the two is his position. While in general there are two inter-

sections, one of these can he eliminated, since the navigator always has an approximate location

of his position.

/

In practice, the approximate position being known, it is never necessary to determine the

whole of a circle of equal ahitude. .&s the radius of the circle is usually very large, the small

arc required may be replaced by a straight line without appreciable error. This line is called

a line of position or the Sumner line. The three common methods for finding the Sumner

Line are known as the chord, the tangent, and the Jla.rcq St. Hilaire methods.

By the chord method two values of the latitude (or longitude) are assumed. ‘The astronom-

ical triangle is then solved for the corresponding longitudes (or Iatitudes). In this way two
points are determined, and the line joining them is the required Sumner line.

In applying the tangent method, a s~~le l~tit.ude (or longitude) is assumed and the corre-
sponding longitude (or latitude) and aIso the azimuth are computed. A line perpemiicular to
the azimuth through the point thus determined is the Sumner line.

The Marcq St. H&ire method is more general than either of the forego~~ and has almost
entirely superseded them. In using this method, a position, generally th~t found by dead
reckoning, is assumed. The altitude and azimuth of the star as they wouId have been at this
position at the instant of observation are computed. The assumed position is laid down on
the map and a line drawn through this point in the direction of the computed azimuth. The
Sumner line is perpendicular to this Line and at. a distance in nautical miles equal to the difference
between observed and computed altitudes (in minutes of arc) from the assumed point. This
distance is laid off toward or away from the substellar point according as the observed altitude is
greater or less than the computed altitude.

Theoretically it is possible to determine position lines in various other ways. From the
azimuth of a star a line of equal azimuth may be found, but since the azimuth can not be meas-
ured with sufficient accuracy, this is of Iittle value to the navigator. It would be comparatively
simple to measure the clifference in azimuth b etxveen two stam. This method is impracticable
because of the difficulties presented in the computation of the position line. Furthermore, the
altitudes of the same two stars wiII give a complete determination of position. Similar con-
siderations apply to the case of finding a position line by determining the time when two stars
have the same azimuth or, in other words, when they arc on the same vertical.

It has been suggysted that local sidereal time and latitude night be obtained directly by an
instrument for observing any two stars simultaneously. Suppose a telescope to be set parallel
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to the earth’s axis. lts angle of elevation will then be a measure of the latitude, Any plane

perpendicular to the telescope axis will be parallel to the plane of the earth’s equator. Ccm-

sidered astronomically the axis of the telescope may be taken as coincident with the earth’s

axis, and the perpendicular plane as coincident with the equatorial plane. lmagcs of any two

stars above the horizon may be reflected into the telescope and brought into coincidence by two

mirrors prop erly oriented. The angular position of the mirrors with respect to the telescope

axis will then depend only on the declinations of the stars. Also their angular positions in the

equatorial plane will depend on the right ascensions of the stars and the local sidereal tin-m.

It is possible to construct an instrument of this nature, but, unfortunately, the difhcultiw of

observation are so great that the instrument is of no practical value.

IV. ALTITUDES

The altitude of a celestial body is its angular elevation measurecl from the observer’s
horizon toward his zenith. Therefore, in order to find the altitude of a star, the navigator
requires some means for indicating his horizon. Obviously it makes no difference whether a
horizontal plane or the direction .of the vertical is det.erminecl. The reference line or plane
may be furnished by a natural or an artificial horizon,

NATURALHORIZONS

The level surface of the sea affords a very convenient and accurat= natural reference plane
which is used universally by marine navigators in the observation of altitudes. Provided
that it is clearly visible, the sea horizon may also be used on board aircraft; and observations
can be made easily and with practically the same accuracy as at sea,3 The level land of some
coastal plains, river valleys, and deserts provides an even more convenient horizon, as the
contrasb is greater and the line of the horizon is more sharply defined. It is evident, however,
that the natural horizon formed by land or sea is not always available; the surface of the land
may be too rugged, or fog or clouds may obscure the view. At night it will never be visible.
Furthermore, it has been found that ‘the horizon can seldom be distinguished clearly from
any altitude at which aircraft are likely to travel. The surface of the lrmd or sea is almost
always covered with a layer of haze. At 20 feet above the level of the sea, the horizon is less .

than 5 nautical miles distant and the haze is not sufficiently clense to affect its visibility. The

distance of the horizon increases as the elevation of the observer increases. At 1,000 feet it

is over 33 miles, at 5,000 feet about 75 miles, and at 10,000 feet it is more than 100 nautical

miles away. Consequently, as the aviator ascends, the horizon becomes more and more

indistinct until, at an altitude varying according to the state of the atmosphere, but generally,

about 2,OOOor 3,OOOfeet, it is entirely obscured.

With a further increase in altitude a horizon often reappears. This horizon is in reality

formed by the upper surface of the layer of haze, Under favorable conditions it is very distinct,

practically level, and may be employed in the observation of altitudes. Also the upper surfaces

of cloud or fog strata may sometimes be so level and unbroken as to form a distinct horizon line.

These cloud or haze horizotis are, in general, not reliable enough for the purposes of aerial

navigation. Their availability depends on atmospheric conditions, and at night, of course, they

can not be used at all. ‘The navigator lias no means of knowing whether they are truly hori-

zontal, and usually he can not accurately determine his elevation above the horizon and thus

be certain of his dip correction.
MITIf?ICIALHORIZONS

\

The fact that the natural horizon is visible only during the daytime, and then only when
the weather is clear, suggested the idea of obtaining a true vertical or horizonb.1 reference line
by instrumental means. Attempts at constructing an artificial horizon for the sextant had
been made ever since Hadley’s invention of the instrument, but the problem became invested

$Proc. ktronomica~ Society of the Pacific, June,1919,VOI.31,No. 181. CZReporton tbe ~&vigationof aircra[tby sextantobser~&tiOrw”
by H, N Russell.
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with a new significance -when navigation of the air became possibIe. If the asfironomicil method
of position finding is to attain its maximum usefulness and value in aerial navigation, an accurate
and dependable artificia~ horizon is essential For this reason, and because bomb sights and
various other instruments also require a true vert.icaI reference line, the problem of the artificial
horizon is one of great importance.

The direction of the vertical at any point on the earth’s surface is defied as the &recLion
of a plumb line at that point. This direction can be determined only by recourse to the force
of gratit y; but a number of different methods may be employed. The free surface of a liquid
at rest is a. true level surface (perpendicular to the verticaI att every point) and is used in the
case of the sea horizon and the mercury artficial horizon; liquid levels of various kinds are
common, as, for example, the bubble tube and the ball level; the plumb bob or pendulum
may be employed in a variety of forms; and, fiaIIy, the gravity-controlled gyroscope or
spinning top furnishes a means for ilnding the vertical which may eventually replace all others
on board ships or aircraft.

All of the devices enumerated above maybe used on a fixed base with an accuracy Lir+t-ed
only by the care t:aken in construction and operation. On board moving ships or airc&ft,
however, great Miiculhies are encountered. Errors are caused by vibration, pitching, robg,
and yawing of the ship. Linear and anguIar accelerations due to ch~~es in speed and to turns
result in very large errors, and so far no satisfactory manner of eliminating these errors has been
devised. The effects “of vibration are easily rem oved by a suitable mount~~ if the instrument
is attached to the ship. No special precautions need be taken in the case of hand instruments,
since the body of the obs eryer WN absorb the tibration. Pitching, rolling, and yawing oscil-
lations are more troublesome and in the case of bubbles and short-period pendulums may give
rise to considerable errors. However, the period of these oscillations is usually fairly smalI
(3o seconds or less), and by gi~ the artificial horizon a long period, which may most readiIy ,
be done in the case of the .~roscope, the resulting errors can be reduced to a-due smalI enough
to be neglected in practice.

When the point of suspension of a pendulum is subject to an acceleration, linear or angular,
the forces of inertia come into play and, in combination with the force of gravity, cauw the
direction of the center of gravity with reepectt to the point of suspension to mu-y. If thl: accel-
eration be uniform, the pendulum assumes an equilibrium position which is the resultant of
the acceleration and gravity forces, the result being the same as if the direction (and intensity)
of the force of gravity changed. This new direction is called the apparent vertical. Short-
period pendulums and bubble le-rels indicate the apparent vertical. E Lhe acceleration per-
sists for a short time only and is followed by an acceleration in the opposite sense, a pendulum
of very long ‘period, or a gyroscope, vdl not have time to assume the new equilibrium position,
and the effects of the second acceleration will tend to destroy those of the fi&t. Such an
arrangement thus indicates the true vertical more or less approximately.

The bubble level is the simplest form of artificial horizon and the most convenient as far
as sextants are concerned: but it can not be used with any degree of success unless precautions
are taken to reduce the acceleration errors. This may be done by flying as nearly as practicable
at a uniform speed with no turns. Also no refiance should be placed on a single reading, but
the average of five or six should be used. Pendulum horizons are uw.dly damped and of short
period, and the same precautions are necessary.

Artificial horizons for sextants may be constructed as separate instruments mounted on
the aircraft or maybe combined with the sexta~t itself. Russell, in his tests at Langley Field,’

employed the former. His instrument consisted of a penduIum, about 10 inohes in length,
mounted in gimbals within a cylindrical case. Glycerin was used as a damping fluid. At
the top of the pendulum was mounted a reflecting surface, an d the instrument was used in
the same manner as the ordinary mercwy hornzon, the angle between the star and its image
in the mirror being measured. This method is inconvenient, however, since the position of
the horizon in the aircraft must be changed for different observations. It is therefore advisable

AH. N-.RussdI, k%.cit.
52z()—2+1$J
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to combine the horizon -with the sextant into one instrument. Various forms of artificial hori-
zons will be described in connection with the sextants on which they are used.

SEXTANTS

The term “sextant” is here used to include all instruments which are intended for the
measureme~t of altitudes, regardless of the form of the instrument or the optical principle
upon -which it is based. In general, only sextants which are available at the present time are
described, One or two instruments are mentioned, however, either because they are conven-
ient illustrations of certain types or because they incorporate some no~el features which m~~

prove to be useful,

NATURAL HORIZON S13XTANTS

The theory, construction, and operation of the marine sextant are so well known that,

FIG. 3,—Bakeraircrmftsextant

it is unne~essary to descl&e the instrument here, If the nmrirm

sextant is’ to be used on board ~ircraft, it is desirable th~t it h

rather small and light in weight. The angular field of view included

in the index glass should be” as large as possible, and the telescope

should be of low power and large field. Ibnay be aclvisnble when

the visibility is poor to dispense with a telescope and observe with

the naked eye. The arc should be clearly graduated with rather

heavy lines and large figures. S tangeni micrometer screw with a

drum indicating minutes of arc and a simple, easily operated clamp

are preferable to the usual vernier with its clamping and slow-

motion screws. The adjustment of the instrument shw.dd be

checked at frequent intervals.

The Baker aircraft sextant, an 13nglish instrument, is shown

in Figure 3. This sextant was designed with mview to eliminating

the necessity for making the dip and semidiameter corrections.

This object is achieved by bringing inio -riew the horizon in front

of and in back of the observer simultaneously, one image being

- erect and one inverted. The two images arc separated by a dis-

tance depending on the sum of the dips in each direction. In
making an observation the image of the star is set to bisect the
space between the horizons-and thus the correction for semidiameter
is also obviated. The sextant consists of a periscopic telescope. In
front of the objective are two f~ed prisms, the horizon mirrors, and
one rotating prism, the index mirror. The index mirror is turned
by means of a worm gear and worm. The worm gear carries a
scale reading to tens of degrees, while the worm bears a divided
drum graduated in degrees and tenths of degrees. By estimation
angles may be read to within one or two minutes. The instrument
is simple and convenient.

It is assumed that the dips to the front and back horizons are
equal. In the case of cloud or haze horizons this is _frequently not the facti, and consider-
able errors may result. The observer, having no means for judging the accuracy of the
horizon, must always regard his position lines as being subject to large errors. If the true sea
horizon be used, these considerations do not apply.

The Douglas-Appleyard artless sextant is an English instrument designed for use in surveying
and in aerial navigation. The sextant has the usual index snd horizon mirrors and telescope.
The index arm and graduated arc of the marine sextant are discarded, and the index mirror
is operated by a worm gear and worm. The worm carries a micrometer drum and a counter,

the counter showing tens of degrees and the micrometer a graduated Scale avided tO in~er~als
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of 10 minutes. A ~ma~ ma@fy@ glass is provided -which is mounted in s~(h a WQ~ that

the instrument may be read without removing the eye from the telescope. Electric ilhnni-
nation is furnished. It is claimed that fair accuracy is obtainable in a ~ery sport space of
time and that the instrument is well suited for aerial navigation.

BUBBLE SEXTANTS

Fi=gms 4, 5, and 6 show three German bubble sextants of a very simple form. The essential
parts of each instrument are a graduated quadrant. with a telescope along one radius, an index
arm pivoted at the center of the arc., and a bubble tube mounted on the index arm. The bubble
tube is so mounted that the bubbIe in its central position -wiI1be exactly over the pi-rot center.
Thus a fixed mirror can be used in the
telescope to reflect. an image of the
bubble to the eyepiece. The bubble
image appears foreshortened in all posi-
tions but one. This, however, is not
serious except near the upper and lower
limits of the scale, which are rarely
used in p~actice.

The Mareuses sextant [fig. 4) manu-
factured by Butenscho~, of Hamburg,
is poor in design and construction com-
pared with the other two. The scale
is on the back or hanclle side of the arc
and is read by means of a vernier to
sirigIe minutes. The field of the tele-
scope shows the entire bubble tube and

—-... .~.

---- _

—-=-wd. L

FIG.‘4.-Marcuse (_Butensch6n]sestm.t

in ~he center a circular opening about the size of the bubble image, thro~~h which the star

or sun raa~ be seen, and also a reticule com<isting of three ~ertical and three horizontal lirw.

In making an observation, the tele-
scope is pointed at the star, which
k centered by means of the retictie.
Then the index arm is adjusted until
the bubble image is hidden by the
circular opening in the field.

The Hartmann s~xtant’ (fig. 5)
made by 13_artmanm and B~aun, of
Frankfort, incorporates several novel
features. The bubble tube may be
used in either of two positions, one
for altitudes and the other for dip
angles. The arc. and dial carry corre-
Spond_@ sets of numbers, black for

altitudes and red for dip angles.

The arc ~s graduated at 5° int-er-

W& only. The index arm carries an

index for reading the arc and aIso a.

pointer geared to a rack on the arc.

This Pointer travels over a dial
FIG.5.—Hartmannw~tanc

graduated in 5° at 5-minute interwds. A Sma]] thumb ~u~ ge&ed to the arc is used tO set

.

—

the index arm. The field in the telescope consists of two parts. One, slightly more th~ half

JUb.@rierte.LeronautischeMitteihmgen,VOI.1.X,.No.4, 1935.
$DeutscheLuftfahrerZeitsdmift,VOL.XVI, >To,2), Oct. 2, 1912. “ Ein L&llenquadmnt in neuecForm,” by Doctor Hartmnrm.
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of the total, contains the reticule of one vertical and three horizontal cross hairs, and the
other shows the bubble tube. An observation is made exactl~~ as with the But.cnschon

sextant, ;xcept that the bubble Jnust

.

,s/ !., ,,. -
-- L... .,,_,

FIG,6.—Liudtsextant

tions on the bu’oble tube. -
The Llndt 7sextant (fig. 6) is con-

structed by Bunge, of Berlin. It ap-
pears to be the best-instrument of the
three. The bubble tube is adjustable
so that any index error may be cor-
rected. The index arm is set by a
screw geared to a worm which meshes
in a rack on the arc.. The worm carries
a drum graduated in minutes of arc,
one turn of the drum coiresponcling
to 1° on the arc. A lever may be
used to disengage the worm in making
rapid approximate settings. Electric
illumination of the reticule and bub-
ble is provided, as in the other sex-
tants but in the LMt instrument the
intensity of illumination maybe varied
bv means of a rheostat set in the

handle. This is an essential feature, The telescope” field shows a reticule of three
horizontal and three vertical lines and at one side an ima~e of the bubble tube, The procedure
is similar to that for the Hartmann sextant.

These sextants are very simple instruments, require few adjustments, and are small and
light. However, the necessity for pointing the telescope directly at the star may mean that the

FIG.7.—Byrdsextant

observer may find himself in an awkward position in which he will have difficulty in keeping the
star accurately centered by means of the reticule. The great disadvantage of these instru-

7DeutscheLuftfahrerZeitschrift,170].XVI, No. 11.MaY29,1912. “ Ein Liheflenquadrantin neuerForm,)!by lT. Lhdt.
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rnents is the necessity for making a double coincidence setting-bubble to bubble tube center>
and star to reticuIe. These sextants can not be used with a natural horizon. The dip and
semidiamet er corrections are not necessary.

A number of bubble sextants have been devised which consist merely of a marine sextant
to which has been added a bubble level. The Byrd sextant (fig. 7), developed by the United
States Navy, is an example of this type of instrument. The sextant itself is of the usual marine
form except that the -rernier has been replaced by a tangent screw vith a micrometer drum
reading to half minutes} with a release lever for rapid set t.ings. The level bubble is mounted on
a bracket, below and in back of the horizon glass. A plane mirror reflects an image of the
bubble tube through the clear half of the horizon glass to the telescope, which is provided with an
extra lens, semicircular in shape, to bring the bubble tube into focus. Adjusting screws are
provided for setting both the bubble tube and the plane mirror. If it is desired to use a natural
horizon, the plane mirror may be unclamped and swung ‘down-ward out of the way. lllHmi-
nation is provided for the bubble and the scale: the battery and switches are mounted in the
handIe.

[ -

The TVi

.- *—,...‘“:L ---.
L-.

. . . . . A-c
—..—— ———_ . . .—

FIG.8.—WilIsonsextant

llson g sextant was desi.wed by Prof. Robert W. Wiion of Harvard. (See fig. 8.)
The sextant itself is very much I& the ~yrd, the only differences being in [the bubble-level
and tekscope. The artificial horizon consists of a circular level mounted in a short tube tied
at right angles to the telescope. A half-silvered mirror is set into the telescope to reflect an
image of the bubble into the eyepiece. The instrument may be used with a natural horizon by
replacing the telescope with one of the usua~ form. The optical system is designed so that
when the telescope is tipped the bubble image and the object sighted on move in the same
direction and the same amount.. Thus in making an observation it is sufficient to center the
sun or star image with respect to the bubble image. The interesting feature of this instrumerit
is the form of the bubble image as seen in, the telescope. When the bubble is illuminated by

8H.N Rwdl, I@.cit.
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light from the sky, the image consists of a central disk, clear and slightly larger than the sun’s
image, surrounded by a dark ring about as wide as the diameter of the disk. At night a lamp
and a pinhole stop are used. The bubble itself, acting as a lens, forms a bright image of the
pinhole, which appears like a star in the telescope. In either case it is very easy to judge when
coincidence has been attained.

The Schwarzschild ‘ sextant shown in Figure 9 is a German instrument designed cspccitilly
for use in balloons and airships. The instrument is esse~tially a rather compact marine sextant
with a frame of aluminum alloy. The arc is graduated in degrees and read by a vernier to two
minutes of arc. The index arm is operated by a knurled wheel geared to a rack on the frame;
there is no clamping screw. The horizon consists of a bubble tube mountecl below and in back
of the horizon glass in a protecting case. In this case are also the lenses for bringing the bubblo
image into focus in the telescope and a right-angle reflecting prism, During the day the bubble
may be illuminated by light reflected at- a celluloid screen from the sky. The light passes
through the bubble tube and lenses, is reflected through a hole in the horizon glass, and thence

,.’+ . -.

FIG.9.—Schwarzschildsextant

enters the telescope. For night work the bubble is illuminated by an electric lamp in such a
manner that the ends ordy of the bubble are seen in the telescope, thus ~. Current is supplied
by a battery in the handle, which also contains a rheostat for adjusting the intensity of the
illumination. The lens system is so designed that the images of the bubbla and the body under
observation move in the same direction and at approximately the same speed when the sextant
is inclined slowly. When the sex tent is tipped with a rapid motion, the image of the objce~
moves much the faster.

The R. A. E.’” (or Booth) bubble sextant was developed at the Royal AircrafL Esttiblisbment
in England. A number of models varying considerably in details have been constructed. The
instrument shown in Figures I() and 11 is known as the Mark Tr, and is one of the later models.
This sextant is a complete departure from marine practice, and cm attempt has been made to
meet all the requirements of an aircraft sextant. Figure 12 is a diagram of the optictil parts
of the instrument. The circular bubble, which is mounted in the chamber ak B, is illuminated
by daylight entering the Iens 0, and reflected by the prism I?l. At night the lamp L may be
us~d. The light passes through the bubble cell, is reflected a~ the pentagonal prism l?, and

~Zeitschriftfib’ Flugtechnikund Motorluftschiffahrt, Vol. IV. hTo.13,JuI$J12,1913.
.—

‘‘ Libellenhorizontund Libdlensextant,” by Prof. K.
Sehwarzschild.

W“A Primerof Afr Navigation,” by H.E.Wim~eris,1920.
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passes out through the lens 0, to the index mirror M. The index mirror is a strip of unsil-
vered plane parallel glass which may- be rotated about a horizontal axis through A. W_hen
observing the sun, the observer places his eye at El. He then sees the bubble image through the
index glass and an image of the sun reflected at the surface of the index mirror. If a star is to be
observed, it is in generaI more con-venient to vie-iv the st m directly through the index mirror and
the bubble by reflection, the observex’s eye in this case being ai Ez. The bubble is formed by the
vapor of the liquid (pentane, gasoline, or alcohol), and it maybe adjusted to any convenient size
by the adjustment shown diagrammatically ah B.<. The bubble cell connects by a tube with z
chamber which is closed at one side by a corr~~ated metal diaphra=w. By adjusting the pressure
on the diaphmgru, the volume of the inclosed system may be changed and thus a vapor bubble
may be f o&ned-and regulated to the proper size.

F[G.lfJ.-R. .\. E. sextant,side yiew FIG.11.—R.A. E. se~bmt,end view

The index mirror is rotated by turning a large bras drum (shown in fig. 11). Two scaks,
graduated at 10( intervals and reading from —3° to 39° and from 39° to 80Q, respectiv-ely,
are engraved on the drum. Because of the open scales no vernier is necessary, the readings being
made direct.IF by reference to an index line on a strip of transparen~ celluloid. The inde~ tiro~
(see fig. 12) is connected to the drum by a lever T held b-y a spring in contact with a spiral cam C

inside of the drum. This cam is so constructed that approximately two revolutions of the drum
correspond to an angular motion of the mirror equal to 45° (900 of a~titude). On the other side

of the instrument, is a viooden rim serving as a handle, inside of -which is an adjustable rheostat for

vaqying the illumination of the bubtde lamp. Current is supplied by a battery in the aircraft con-

nected by a plug at a socke~ in the instrument.. .% lamp is also provided for illuminatkg the
scales. &

The optical elements are so designed that when the instrument is slightly displaced from its
true position: the bubble moves with the sun’s image. Furthermore, the lenses in combination
form a telescope (power = 1), and thus it maybe used to bring the natural horizon to the eye, in
this way making it possible to use a natural horizon when this maybe desirable. i

——

.

——
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A number of other bubble sextants for aircraft have been devised, of which thoso of
Faw$” and Coutinho’2 may be mentioned. The sextant of Coutinho was tested on the trans-
atlantic flight of Coutinho and Sacadura in 1922, with success it is said. Descriptions of these
instruments are given in the references.

“or>\//s

FIG.12.—R.A. E. sextant,diagram

PENDULUMSEXTANTS

The Fischer sexta.ntwas designed by Ernst G. Fischer, formerly with the United States Coast
and Geodetic Survey, The instrument consists of a marine sextant to~which the artificial horizon
is attached by a bracket as shown in Figure 13. Lamps tire provided for illuminating the horizon

1

I

FIG.13—Fischersextant

and the vernier, tha current being supplied by a small battery in the handle. Push buttons are
conveniently placed on the handIe, and a small rheostat is supplied for varying the _intensity of

.
111116Congr~ Internationald’A&rone.utfque,Vol. 3, 19@3. “ Determinationdu Point en Ballon,” Faw+.
1!L$A&ophile,Vol. 31,No. 11-12,JUne,19!23.“La M&thodede Navigationde l’Amiral (lago Coutinho.”

—
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the horizon lamp. The index am is provided -with a ck+rnping screw and a novel device for
making the fLual settimg rapidly and convenie~tIy. This consists of two smaLl pins, one fixed to
the index arm and the other to the clamp in such a manner that the pins maybe grasped simulta-
neously by the thumb and fore~~er. When the clamp is tightened, the index w-m can be moved
in either direction by a twist~w force applied to the pins.

Figure 14, taken from the patent draw-ings,’~ illustrates the artitlcial horizon. The pendu-
lums are mounted iR a sealed chamber C containing a damp~~ fluid. The pendulum PI
consists of a wine of small mass and comparatively large area supported on knife edges. A
smalI arm A~ attached to the vane carries a piece of fine platinum wire W, set horizonklIy.
A second pendulum P, is supported on ~ ~fi X in the plane of the sextant making an angle
of 45° WM the -rerticaI. This pendulum carries a curved piece of wire W,. The horizo~tal
wire lV~ is fixed to the w-J of the chamber. The three wires lie at the principal focal point. of
the lens O so that they are all visible in the telescope of the sextant. The wires may be illumi-
nated through a window N by light from tthe sh~ or by the lamp L.

With the sextant in the normal positionfor obsenation and the illumination properly

adjusted, there are seen in the telescope two b~~ht ho~ont.al lines nearly meeting in the

o
P

Sectional View

x

p

u’- ‘
[sometric View

FIG.14.—Fischerpenduhxnhorizon

center of the fleld, one of which is fixed and the other movabIe;

..

and aIso a smaII point of l.kht

-—

justabove or beIow the lines. When the lines are exactly opposite each other &.d the do; is
immediately under or above the gap between the lines, the sextant is in the proper position .

for maldng the observation. The index arm is then adjusted until the image of the celestial
body is tangent to or bisected by the horizontal line.I

Great skill is required in handling the Fischer sextamt. Three simultaneous coficidence
settings must be made for each observation. The movable horizon line must be set to the
fixed Iine, the point to the gap between the lines, and finally the star or the sun must be set
on the Iine or tangent to it. Furthermore, the motions of the horizon line and the point are
always opposite in direction to the motion of the image of the observed body w-hen the sextant
is &~ht.ly displaced from the true position.

~u. S. Patent Ofi@ Patent SpmiflcationsN-m.1,2S6,695and 1,4cQ,9M.
—
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A pendulum sextant devised by l?av6 about 1901 or 1902,’4 and one constructed by
Keuffel & Esser for the trans-Atlantic attempt of Wellman and Vaniman 15 are interesting
from a historical viewpoint. A pendulum sextant has also been invented by Doctor Pulfrich,
of Jer+ but details of this instrument are not available.

QYROSGOFICSEXTMYTS

The first practicable gyroscopic sextant was devised in the latter part of the nineteenth
century by Admiral Fleuriais, of the French hTavy. An improved model, constructed by
Ponthus & Therrode, of Paris, is shown in Figure 15. The instrument consists of a marine
sextant attached to which is a cylifidrical chamber behind the horizon glass and in line with
the telescope. The chamber is closed by a cap in which is set a gauge for measuring tho air
pressure within. At the bottom are two air connections with stop cocks, one communicating
directly with the interior and the other by ducts leading to several holes opposite the periphery
of the gyroscope,

The gyroscope is a heavy, pivoted wheel bearing around its rim a series of vanes or CUpS.
On the upper surface is mounted a light frame holding a lens and a grating with horizontal

[

Fm. 15.—Fleuriaissestant

rulings, the ciistwnce between lens and grating being equal to the f o~al Jewth of tile lens. TWO

w-indows are placed in the chamber in line with the telescope. One is fitted with a tube

projecting up to the telescope, and serving to shut out stray light,. ~ mirror for reflecting

sunlight -or an ekctric lamp may be attached at the other window to illuminate the grating.

.A hand suction pump, a belt with an arm support, and an electric bzttcry are furnished with

the instrument.

ln making an observation the gyroscope is set-spinning by drawing air through the chamber

by means of the pump. When sufficient speed is obtained, the inlet is closed and the pump

worked until a partial vacuum is attained. Then the outlet is closed, the pump disconnected,

and the instrument is ready for observing. An assistmt is required to operate the pump and

record the readings.

On looking through the telescope and adjusting ~~e illumination, the grating can be seen

as a series of bright lines on a dark field. The instrument should be held so that these bright

lines are parallel to a fixed bla&. line. The image of. the body to be observed is brought inio

1<111,~OD=~Sl=@~~ti~~~d>.%~~~n~a~f~u~,\701. 3, 19w. ‘<Determinationdu Point en Balion,” by Fav&
1$“The .4erialAge,” Wel]man.
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the center of the Seld by the usual sextant procedure. As the grat~o lines sppem to mo~e
slowly up and down (due to prection), the extreme positions of the, image are recorded, ten
or more readings be~e made tithout distwbing the setting of the index arm. The time of
each reading is also recorded.

Exhaustive studies of the Illeuriais sextant have been made by a number of investigators,
notably l?av&18 A ]mge number of tests have been. made both on hmd and sea. In a total
of 359 obsemat.ions made at seal abou~ 70 per cen~ bad errors of less than 2’ and only about 3

per cent errors of 5’ or more. hlost of the readings were made during relatively calm weather;

in rough -weather the errors ranged usually from about 5’ to 8’. Such an accuracy is attain-

able only by extreme care in the matip~ation of the instrument; and by correcting the read-

ings for instrumental errors, compensating for the effects of the earth)s rotation, prec=io%

and the motion of the star, and so on. ~The instrument, in its present form at least, does not

appear to be suitable for air~aft becallse of the time and care demanded by the observation,

the amoun t of calculation necess aryl and the need for two observers.

f — —..—

1

FIG.16.=Demiensextani

The Derrien sextant, Figure 16, is a French instrument which has been developed
since the war. The sextant consists of a frame, similar to that of a marine seMant, with a
graduated are and a pivoted index arm with a vernier. The index mirror, half of which is
silvered and half tramparent, k mounted at the pivot point perpendicular to the axis of the
inclex arm. A chamber housing the gyroscope is also mounted on the index arm in such a
manner that it may be set at any distance from the indax mirror. The upper surface of the
gyroscope is polished to form a mirror. The telescope is fixed to the frame in such a way that
its axis passes through the axis of the pivot.

T/hen observing, the telescope is pointed directly at the star. The index arm k adjusted
until an image of the body, reflected at the gyroscope mirror and again at the index mirror,
is also seen. In order to accomplish this, the position of the g~~oscope on the index arm must
be adjusted according to the altitude of the observed body. The two images are set to
coincidence, which will occur only when the index and gyroscope mirrors are paraIlel and (t.heo-
~eticalIy) horizontal. As yet no satisfactory results have been obtained with the. Derrien
sextant on board aircraft.

..—

~$Reme Maritime,vol. 1S4,hro.580,January,1910. “ Le Point mm PEorizon de 1aMer,r’ by Far& -
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CORRECTION OF OBSER\7EDALTITUDES

The true altitude of a celestial body at any point of the earth’s surface is the angular
elevation of its center from a plane perpendicular to tb~ direction of the zenith at the earth’s
center. The observed altitude must be converted to the true altitude by the .app~ication of
certain corrections; namely, the index, dip, refraction, parallax, and semidiarneter corrections.
‘l%eoreticaIly these should be applied in the order named, but except in the case of tho parallax
of the moon, as explained below, the order makes no material difference in practice.

INDEX CORRECT’IOhT

Generally the scale of a sextant does not read zero when the instrument is set to measure
a zero angle. Thus there is a constant error in the indications of the scdc; and this error
having been determined, the proper correction can be applied to-all readings. The error may
be found by measuring a known angle, usually the zero angle. The correction is numerically
equal to the error but of opposite sign.

It will be convenient to incIude under this heading any constant errors due to the artificial
horizon, These errors are occasioned by the fact that it is impossible to adjust the arti.ticial
horizon with theoretical exactness. The manner of determining the correction will depend
upon the instrument employed and will not be discussed here.

DIP

The dip is the angle of depression of the natural horizon due to the elevation of the observer
above the level of the horizon. The effect-of atmospheric refraction of the rays of light coming
from the horizon is included in the dip correction. This effect depends upon the state of tho
atmosphere, but for the purposes of aerial navigation normal conditions may be assumed,
and since the aircraft will usually be at a considerable eIevation above the horizon, the errors
due to this assumption will be negligible. The approximate value of the dip may be found
by taking the ‘square root of the observer’s elevation above the horizon in feet, the result-being
the dip in minutes of arc. The dip correction is always-subtracted from the observed altitude.
Table 1 g;ves values of the dip correction for various elevations of the observer.

TABLE I

DIP CORRECTIO&J
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The empiriczii formula for the dip correction given ~bove has been verified by RusselI 17up
to elevations of 10,000 or 12,000 feet. 11 is to be noticed that as the eIevation increases the dip
changes more and more slowly, so that at an ele-mt,ion of abou~ 10,000 feet the rate of change
is 1‘ for about 200 feet. Therefore the elevation maybe measured by an altimeter with sufE-
cient accuracy. If a c~oud or haze horizon is used; the elevation of the horizon must be measured
as the aircraft ascends, or a dip measuring instrument must be emp~oyed. The dip correction
is not necessary when usiq the Baker sextant or my artificial horizon sextant.

REFRACTION

A ray of light from any celestiaI body must pass through an optical medium of constantly

increasing density, the atmosphere, before reach@ the eye of the observer. Consequently

the ray is deflected into a curved path, concave to-ward the normal at. the point of incidence.
Thus the apparen~ altitude of a body is greater than the true ahitude, and a correction for refrac-
tion is necessary. This correction depends upon the altitude of the body, being zero for an alti-
tude of 90° and a maximum when the altitude is zero. The amount of the refraction alko
varies accord@ to the stat 8 of the atmosphere, but for the purposes of aerial navigation values
calculated for average conditions are sticiently accurate. The correction for refraction may
therefore be tabulated in a con~enienti form. These correctiorts are only important for Iovi
altitudes and may usually be neglected for aItitudes of 25° or o~ert since the corresponding
corrections are never greater than Zt.

A further effect of refraction must be considered in connectio~ with the dip correction.
This, the so-called terrestrial refraction, is tiaken into account in the approximate rule given
above for calculating the dip. Refraction also varies with the altitude of the observer above the
earth’s surface. The variation is small and maybe negIected in practice under ortiary condi-
tions. A short supplementary table wilI suffice for the cases where the correction is appreciable.

P.A%WX.KX

Since the altitude of a body is measured at the observer’s position on the surface of the
earth instead of at the center of the earth, a correction for parflax is required. The parallax is
the angle subtended by the earth’s radius (to the observer’s position) at the observed body.
When the body is on the horizon the parallax reaches its maximum value, which is designated
as the horizontal paralk. The correction for pamlIax is inappreciable in the cm.seof the tied
stars, and in aerial navigation may be negkcted except for the moon.

Tables have been prepared giving the moon’s paralhw in terms of altitude and horizontal
paralIax, which latter may be found in the Nautical Almanac. As the correction is large, the
corrections for index error, dip, and semidiameter should always be applied first and the approxi-
mate altitude thus obtained used in enterirg the parallax tables. It is usmd to combine the
parallax and refraction corrections in one table.

SEKUILH4ETER

Often in the case of the sun or the moon the altitude of the upper or lo-iver limb of the
body is observed inste~d of the altitude of its center. The observed altitude must then be cor-
rected by half the angdar diameter of the body’s disk, the semidiameter. T-rue values of the
semidiameters of the sun and moon are given in the Nautical Almanac, but for aerial navigation
average values will sut%ce.

All these corrections, with the exception of the index correction, have been consolidated in
forms convenient for the marine navigator in tables such as Tables 46 and 49 of the American
Practical Na~~at or. For aircraft work similar tables, simpIi.fled and extended for greater
heights of the observer, are necessary.

HE. N“.RuselL IOC.cit.

. .
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ALTITUDE OBSERVATIONSTHAT HAVE BEEX MADE ON BOARD AIRCRAFT

The sextant has been used to such a slight extent on board aircraft that it is not possibl~

to state any specific rules as to the choice of an instruywnt or the procedure to be employed in

making altitude observations. The final decision on these questions will depend on the expe-

rience and results gained in service by na-rigatiors of the air, and thus little can be giwn here

other than a summary of what has been learned in tbe past and an indication of the present

trend in development. It is evident, however, that quite different conditions obtain as regards
airplanes and airships, and this fact must be taken iato account not-only in the choica of the

instrument but also in the manner of using it and in the accuracy to be expected.

IVo great difficulties either in making observation; or atta~ning sufficient accuracy me to

be expected in the use of a sextant on board an airship, judging from such results as ha~’e bean
published, which are few in number. Bygra~e “ in 1920 tested the R. A. E. sextant on board
the British airship R–33. About 100 altitudes of stars ancl the moon were mezsured. Quoting
from his report: “ The readings could be taken as easily as on the ground, and the rapid and
erratic movement of the bubble that is met with on airplanes is entirely absent. * * *
By taking six observations, in the usual manner, with ~bout 30–50 second intervals and taking
the mean time and altitude, fore and aft observations would very seldom have an error of the
mean exceeding 4’ of arc. For athwartships obser~ations the average of six would bc within
5’ of the true altitude in nearly all cases. This is quite accurate enough for all practical pur-
poses.

“ The R. A. E. sextant pro-red to be most convenientforstar observations. With an * * *
R. A. E. sextant * * * there should be no difficulty in obtaining an accuracy at least
comparable with that obtained ah sea in fast craft, such as destroyers, and certainly two or
three times the accuracy obtainable in heavier-than-air craft should be obtainable.” The
R. A. E. sextant referred to was an earlier model than that illustrated in l?igurcs 10 and 11.

On the trans-A.tlantic flight of the R–34 in 1919 an old pattern bubble sextant (experimental
model) was found to be unserviceable, ancl the need for a satisfactory bubble sextant WM called
to attention. Good results were obtained with a nav-al sextant using either the sea or cloud
horizons. It would seem that exceptionally good conditions were found for the use of cloud.
horizons.

Altitude observations are far more difficult fro~.airplanes than from airships, and con-
sequently the accuracy obtainable is much less. Russell “ in 1918 tested a marine sextant with
an experimental pendulum horizon and also the Wilkson bubble sexiant-. The Willson sex-
tant proved to be much superior. He found that, using this instrument, with very careful
piloting the average error for the mean of a group of about six observations could be reduced
to about 6f of arc, with an average error of about 13’ of arc in a single reading. With ordinary
piloting the errors were twice as great. Occasional wild readings could be easily detected
and were rejected at the time of observation.

On a 1,000-mile experimental flight-with a Handley-Page, carried out in England in 1919,
a few position lines were obtained, using the R. A. E. sextant (IVlark H@. The mean of three
to six readings was used in each case. The errors ranged from 5 or 6 miIes up to as high as 30 or
40 miles. There appeared to be a close correlation between the -iveath~r and the acc.urac.y, the
best results being obtained when the air was calm.

Grieve, on the trans-Atlantic attempti of Hawker and Grieve, used a marine sextant:t aking
observations to cloud horizons with fairly satisfactory results.

On the Cape to Cairo flight in 1920, several sights were made with the R. A. E. sextant
T-king the mean of 4 to 6 observations for each sight, position lines were obtained passing 7, 6,
10, and 15 miles, respectively, from the D. R. positions. Some error in the D. R. positions is
included in these figures.

18L~~0n8Ut,le~lResearchCommittea(Qt. 13rit.),Reportsand MemorandaNo. 702,September,1920. “ SOm@testson navigationinstrument.s
duringa flightof rigidairshipH. M. A. R-S?,” by L.C.Bwwe, M. B.~.

19H. N. Russ~]], ]~~. ~f~.
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It is evident, therefore, that with proper precautions sextant observations can be made
from both airships and airplanes tit.h results accurate enough for the purposes of aerial natiga-
tiom On board airships there wilI be little or no diEicuIty. The nav-igator milI have ample
room and will be able to make his observations in comfort. The accuracy obtainable with a
bubble sextant will vary between 5’ and 10’ of arc for the mean of half a dozen readings. On
airplanes more care must be taken. The obsemer will generaLIy be in rather cramped quarters
and in an uncomforbable position, and the choice of instrument is therefore very important.
The piloting must be of the very best to eliminate, as far as possible, the effects of accelerations.
Under ordinary conditions an accuracy of 10’ to 15’ of are should be attainable: although much
larger errom maybe expected if the weather is bad.

A sextan~ with an artificial horizon is absolutely necessary. The bubble type is probably
Lhe best at present. because of its simplicity. Since the sea horizon will in general give
more accurate results than the bubble, the bubble sextant should be so designed that the
sea horizon may be used when available. Thus cloud horizons couId also be used and, if
desired, checked by the bubble. The instrument shouId be sunple, rugged, arid easy to
manipulate. It should be of small size to reduce wind resistance, and as light as possible.
The scale should be very Iegible, with rather heavy graduations, and need not be subdivided to
smaller intervals than 5’ or 10’. Terniers are ~ery difticuIt “to read and should be a~oicled.

V. AZIMUTHS

One of the disadvantages of the astronomical method of determining position lies in the
fac~ that during the daytime the sun is, in general, the only body which can be obser~ed. If the
azimuth of the sun could be measured in addition to the altitude, a complete determination of
position -would be possible. The measwementt of azimuths, howe-rer, is attended by numerous
difficulties, and at the present time e-ren the limited accuracy required by aerial na-rigation can
not be attained.

The azimuth of a star is the angle between the meridian of the observer and the ~ertical
e.ircle of the star, measured east or west from the north or south point. An instrument for
measuring azimuths must therefore be capable of indicating the horizontal and also some fixed
direction (the north or south point). The first requirement necessitates an artificial horizon.
As the artificial horizon has been discussed in connection with sextants, no further reference to
this problem need be made here.

The second requirement demands some form of compass. Three distinci types of instru-
ment are in use, namely, the mag~etic compass, the earth inductor, and the gyroscopic compass.
Of these the gyroscopic compass is the only one which, theoretically at least, wilI indicate the
true north. However, it has not as yet been perfected f or aircraft use, and great difficulties Iie
i~ the way of its development. The other two types indicate maawetic north, and in order to
find the true azimuth the difference between maametic and true norths, the ma=gnetic declina-
tion, must be known. This fact introduces a further complication into the problem, for the
~alue of the magnetic declination depends upon geographical position. The earth-inductor type
of compass is still in the de-relopm~nt stage, but gives indications of being considerably more
accurate on board aircraft than the usual form of compass with the pivoted needle. It may pro-re
to be of great value for azimuth determinations. The ordinary mag~etic compass, at lext in
its present form, does not appear to be capable of sufficient reliability and accuracy for azimuhh
work except possibly on board airships.

Attempts to measure astronomical azimuths, for the purpose of obtaining a complete
determination of position by observations of the sun only, have been few. Russell 20in 1918
made a number of tests wiih a magnetic compass. He used a graduated card with a shadow
pin mounted on his experimental pendulum horizon as z pelorus. Simultaneous readings of
the compass and the pelorus were made. The probable error of an obser~atio~, each obserYa-

* H.h-.R?B%lI,k. cit.

.—
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tion being the average of a set of 10 readings taken over a time interval of one to one and a
half minutes, -ivas A 0,6° , and he concluded that excellent azimuths could be obtained with a
magnetic compass. These results warrant further experimental work on this problem, but it
does not seem probable that this accuracy can be attained under ordinary conditions on board
airplanes.

Azimuth measurements, accurate within a degree or so, may be valuable under certain excep-
tional conditions. If, for instance, the dead-reckoni~g position should happen to be entirely
unreliable, as might be the case on a long flight above clouds, and the onl-y way of determining
position were by obser~ations of the sun, the observe~azimuth could be used to find an interval
along the position line determined by the altitude in which the aircraft would be located. The
method involves considerable computation, however, and would be a~oided except under
exceptional circumstances.

VI. TIME

Whiie a knowledge of the time is essential in the determination of position by astronomical

methods, no difficulties are encountered in its measurement. The chronometer may be any

ORTSZE/T ,. A ‘:.
7

. ?TF!7N7Fi T

FIG.17.—Sternzeittrrmsformator

fairly good watch, adjusted for temper-

ature, which will not gain or 10s0more

than 5 or 10 seconds in 24 hours.

%’or satisfactory resuIts the chrono-

meters must be given a reasonable

amount of care. The rate mus~ be

checked occasionally in order to detect

.anygreat-variations. The time should

be checked at the beginning and con-

clusion of e.wh trip; and during the

flight the time signals sent out by

the more important wireless stations

may be used to advantage. For pro-

tection against the weather and ex-

treme temperature changes the. chro-

nometers should be mounted in .asuiti-

able case, The case shouId be equipped

with some shock-absorbing device for

eliminating the effecis of jars due to

take-offs or landings and of the vibra-

tions due to the motors.

Two chronometers are necessary.

One of these shotdd be set to &cen-

wich mean solar time and the other

to Greenwich side~eal time. A third
chronometer, while not absolutely necessa.r.y, would be a great convenience. It could be set

to indicate ‘apparent solar time- for the meridian of Gr~enwich or any other convenient
meridian. ‘The indications of this chronometer would always be slightly in error, but, since the
change in the equation of time is never more than 30 seconds in 24 hours and usually very
much less, the resulting errors may be ignored provided the chronometer be set for each trip.
A further advantage of three chronometers lies in the fact that errors in any one may be
readily detectecl.

TVhile it is not a time-measuring instrument, mention may here be made of the “ Sternzeit
transformator” 2’ shown in Figure 17. This instrument is designed for the rapid, mechanical
conversion of sidereal to solar time and vice versa. On the face of the instrument are two

~DeutscheLuftfahrer-Zeitschrift,Vol. XVII, No. 3, Feb: 5, 1913. “ SternzeikTransformator,” by AlfredSchiitze.
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clock dials, each with its hour and minute hands, one figured in 12 hours and labeled local time
(Ortzeit) and the other figured” in 24 hours and labeled sidereal time (Sternzeit). The hands
on each face may be moved independently or simultaneously by means of appropriate thumb
nuts. Suppose the sidereal time corresponding to 3.10 p. m. (any given meridian) is required.
Set the local time dial at 12. Set the sidereal time dial to the sidered time for noon of the same
day, as found from the Nautical Almanac. Then turn both simu.ltaneously until the local time
diaI indicates 3.10 p. m. The sidereal time dial will show the required sidereal time.

A third dial, graduated in degrees, is fixed at the back of the instrument. By means of
this and the Iocal time dial angular units may be converted into time units or the reverse.
The advantages of this instrument are more apparent than real, as the tab~es which it replaces
are short, easily used, and require no interpolations.

VII. THE NAUTICAL ALMANAC!

The American Ephemeris and Nautieal Almanac and the Nautica.1 Almanac are published
annually by the hTauticaI Almanac Office of the United States Naval Observatory- ~opies
may be obtained from the Superintendent of Documents at Washington, D. C!.

The American Ephemeris and NTautical Almanac is divided into three parts. Part I con-
tains ephemerides and other fundamenta.1 astronomical data for the sun, moon, and planets
for the meridian of Greenwich. Part II gives ephemerides “of the fied stars, sun, moon, and
major planets for the meridian of Washington. Part 111 cent sins predictions of phenomena,
with data for their computation. Various tables for fmc@ latitude from altitudes of Polaris,
conversion of times, and so on, are also included.

The hTautical Almanacj which cent sine extracts from the Americau Ephemeris and Nau-
tical Almanac, is intended especia.lIy for the purposes of na~oation. The positions of the sun,

moon, and major planets are given for the meridian of Greenwich. The apparent places of
55 stars and their times of transit at Greenwich and the mean pla.ces of 110 additional stars
are given. Solar and lunar eclipses are described, and various useful tables are included.
This book contains all the fundamental astronomical data which are necessary for nafioation.
Siice it is compiled for the use of marine navi.gatois, much of the materiaI is given in greater
detail than is necessary for aeriaI navigators, and much could be dispensed with entirely.

VIII. THE REDUCTION OF OBSERVATIONS

METHODS

The discussion of the reduction of observations will be limited to those methods by -which
a position line is determined from an observed altitude, since at the present time the altitude
is the only quantity -which can be measured in practice. It -wilI be convenient to consider not
only the actual computations inv-olved but also in some cases the pIotting of the position ?ine
on the map or charti. The problem of devising simple, rapid, and accurate methods has received
much attention during the past 20 or 30 years, and as a result a number of very practical and con-
venient methods have been worked out, ahnost all of which are based on the procedure due to
i4arcq Str. Hilaire. The basic problem in the reduction of observations is the solution of a
spherical triangle, the astronomical triangle. Accord@ to the means adopted for SOI+W this
triangle, the various methods -which have been proposed may be classified as:

(1) Logarithmic solutions.
(2) Tab~ar so]ut,iom.

(3) Solutions be means of nomograms and diagrams.
(4) Graphical solutions.
(5) Mechanical soIutions.
52201—25---20
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In Figures 18 and 19, representing the astronomical triangle, the -i-crtices P, S, tind Z
correspond to the pole, the subste]lm point, and the observer’s position, respectively. The
following notation will be used:

L= latitude.
h = longitude.

R. A..= right ascension.
D = declination.
h = altitude.
0= 90° –L= side PZ.
p= 90” – D (polar distance) = side PS.
z = 90° – J~ (zenith distance) = side ZS.
t = hour angle= angle SPZ.

A= azimuth= angle PZS.

Pole - P

A

t

90’-D=p

90e-L-+

5tar - S

w’

A

90”-h- Z

Zenith -Z

Astronomical Triangle - Notation

P

d
t

P P

90”Jf__~_
s ..-” 90”

~ +-~ s 90°-(L+~)
z

z
Divided Astronomical Triangle - Nofation

FIG.18 l?IG.lQ

In the. application of the St.. Hilaire method, the altitude ancl azimuth of the observed star
must be calcrdated for some assumecl geographical position at the time of observation. From
spherical trigonometry we have the formulas:

cm z = cos 4 cos p + sin +. sin p cm t
sin A sin t

ancl — —
sin p = sin 2

which may be reduced to—

sin h = sin L sin D + cos L cm D cos t m
and sin .4= cos D see h sin t (u.)

giving expressions for the altitude and azimuth, respectively.

ln these formulas, L is the latitude of the assumed geographical position, usually tho clead-
reckoning (D. R.) position. The declination (D,) for the time of observation may be found in
the hTautical Almanac. The hour angle (t) is derived from the longitude of the assumed position
and the time of obserrat,ion. The methocls of reckoning time, the conversion of time, and the,
calculation of hour angles will not be discussed here, since they are treated at length in all
navigation textbooks.z~

1. LOGARITHMIC SOLUTIONS

13quations I and II may be solved with the aid of logarithmic ttibles. In the practice of

navigation at sea, ,the altitude is computed and the azimuth is usually found from azimuth

tables. Defining the haversine of an angle as the sine squared of one-half th+-zangle, formula (I)
may be rewritten as—

ha-r ~=ha-v (L+D) -+COSL cos D ha-r t (III)
which gives the zenith distance in terms of’ the latitude, declination, “and hour tingle. In this
formula, which is known as the cosine-haversine form_ula, the quantities we alwzys posit i-re.

and all doubt as to algebraic signs is avoided.

~~AmericanPracticalNavigator,Bowditcb. U. S. Eydrographic Omce, h’aw Department.
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ln order to make possible a solution with the use of onl~ one table, the formuhi (111} may

be reduced to the follow@ form:

hav z=hav (++p)+-{ha-r (@+p)–hav (@–p)}hav t;
or ha~ e=hav (~+~) + {hav (180°– (L+-11)) –hav (L–@}hav f (~

Equation 1T7, the ha-rersine formula, is -rery redily sol-red with the aid of a sing~e table

gi~~ logarithmic and natural havers.ines in parallel cohunns.

Except on board the larger airships, it is -rery cWcult to make any computations in the ~ir,

and, besides, the time required for the -work is a great disaclwmtwge. .bcorclingly, it has been

proposed that the calculations be made on the ground just before the flight is begun. certain

positions along the probable route are assumed; and a~titudes md azimuths of such stars as

are l.ikely to be obser~ecl are computed for these assumed positions. The altitudes and azimuths

at each position are tabulated for an interval such that it will include the time when the aircraft

is expected to be near the chosen point. .$ chart. must be used which is draw-n to such a projec-

tion that large intercepts can be plotted vithout serious errors. The computed azimuths may

be laid off in ~d-rance for each assumed position.

This procedure is open t.o several objections. The actual work required is increased even

though it may be made on the ground. If for any reason the time of the trip is changed or the
route altered, aIl the computations are useless, and a new set of -dues must be calculated.
Also the weather conditions may be such that obser~ations can not be made at the predetermined
times. .

2. TABULAR SOLUTIOXS
.

It is impossible to tabulate the solutions of all the spherical triangles which may arise in

the practice of navigation. However, by the use of certain approximations and interpolations

tables of simultaneous altitudes and azimuths may be constructed -which will obviate the neces-

sity of logarithmic computations. Such tables are giv-en in Publication No. 201 of the United

States Hydrographic Office, entitled ‘<Simultaneous altitudes and aziguths of celestial bodies.”

These tables are constructed for all latitucies from 0° to 60° north or south ancl declinations

from 0° to 24° north or south, both at 1° interraIs. Hour angles are given at 10-minute

inter_rals. While according to the St. Hilaire method altitude “and azimuth are computed for

the dead-reckoning position, it is evident, that an-y other position near the true position may

be usecl. Thus in employing these tables in order to a~oid unnecessary interpolations, an

assumecl position ma~ be taken at..ari e-i-en degree of latitude and at a longitude which will make.
the hour ang~e an e-ren multiple of 10 minuhes. Then the only interpolation will be for decl.ina-

tiori. Publication No. 201 is primarily intencled for observations on the sun, but may also be used

for any of the stars orplanets whose declinations may Iie within the Jirnits of the table. Similar
tables for the brighter fixed stars could be readily computed. These tables are rather bulky,
but they are -rery convenient and allow a very rapid cletem.ination of the position line.

The altitude or position-line tables of Frederick Ball,” intended for the same purposes as
Hydrographic OfEce Publication No. 201, are publkhed in three To].umes. The first volume
co-rers latitudes from 0° to 30° and the seconcl volume latitudes from 310 to 60°, both for dedica-
tions from 0° to 24°. .1 supplementary volume, the third, i~clucles lati~ucles from 2$” to 60°

——

and declinations from 2+0 to 60°. These tables giv-e altitudes in terms of latitude~ declination,
.

and hour angle, latitudes aricl declinations being tabulated for 10 intervals and hour angles
at interds of 4 minutes. Supplementary tables are protided for finding azimuths.

A new set of tables, United States EI-ydrographic Office Publication ~o. 203, has recently
been published. These give the simult aneom values of hour angle and azimuth for values of
the”observer’s Iatitude and the cleclination and altitude of the observed star at intervals of single
degrees. The tables include declinations within 28” of the celestial. equator and latitudes
from 60° north to 60° south. The differences of hotq angle and of azimuth for a change of 1’

in decJin-ation are also gi~en for con-retience in interpolation for the declination of the observed

;: AItitndeor PositionLine Tables, by Frederic’sBall. J. D. Potter, London.
-.
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star. In practice, the tables me entered with the integral number of degrees of latitude nearest
the dead reckoning and sirnilw-ly for the altitude. By interpolation for declination the hour
angle and azimuth may be found. Then using the tabular altitude, the hour angIe, and thti
azimuth, a position line maybe drawn. Since the true observed altitude was not used in entering
fihe table, this position line must be shifted by a distance in nautical miles equal to the diffmcnce
in minutes of arc between the altitude given by the tables and the observed altitude. In most
cases the shifted line may be considered to have the same direction as the initial line. Tables
of corrections are given for the cases where the shifted line requires a chtmgci in azimuth. If the
map projection represents angles true to nature and also represents great circles as straight
lines, no change in &he azimuth of the shifted line is necessary. Full directions are included
with the tables. These tables offer many advantages and may prove to be of considerable
value in aerial navigation.

The solution of the astronomical triangle may be reduced to the solution of two right-
angled triangles formed by passing an arc through the substellar point and perpendimdar to
the observer’s meridian. The de Aquino tables, which are based on methods devised by Sir
William Thomson (Lord Kelvin), comprise tabular solutions of the right-angled spherical
triangle in a form convenient for the solving of the astronomical triangle. Since the values of
one quantity are tabulated only for each degree and the other for every half degree, special
methods must be used in order to avoid laborious interpolations. Instead of using tho dead-
reclioning position, an assumed position is taken such that the arguments for entering the
tables will be even degrees or half degrees, as the case may be. These tables may be found in
Publication No. 200 of the United States Hydrograp!&c Office, in which are also given detailed
instructions as to the manner of employing them. AS the procedure is not ahvays the same,
certain rules or precepts are required. These precepts and the necessary interpolations
increase the chances for error, so that this method does not appear to-be suitable for aerial
navigation. Publication No. 200 also contains haversines and the other tables employed in
computing the zenith distance and finding the azimuth in the practice of the lfarcq St. Hilaire
method arranged in the order in which they are used, according to the cosine-haversine formula.

Tab1es2’ maybe constructed from which latitude and local sidereal time may be found
directly from the ahitudes of two stars. Such tables would eliminate all computations and
even the use of the Nautical Aknanac. Unfortunately, however, in order to reduce the talks
to a practicable size, the altitudes can not be tabulated at closer intervals than a degree, or half
a degree at the mosti. Double interpolations are thus necessary, and the advantages of the
tables are nullified to a great extent.

A set of very simple tables has been proposed by Leick 2’ for the determination of latitude by
observations of Polaris, If the altitude (h) of Polaris be measured, the latitude (L) of the
observer may be found by the equation

L=7i+Dh,
where Dfi is a correction depending on the time and place of observation. This correction can
be obtained if the local sidereal time is known; but in order to avoid the difficulties of this
method, Leick suggests the measurement of the altitude of any star near the prime vertical rmd
determining the correction from this second altitude by tables. Thk second altitude demands -
no great care, since an error of half a degree, and in so~e cases even 10 or 2°, has no appreciable
effect on the result. Table II contains values of Dh given in terms of the altitudes of a number
of stars, The manner of using tke tables is obvious. Table II is calculated for a latitude of
50° north. However, it may be used for all latitudes between 45° and 55° north with an error
never greater than about 2’ and in most cases less than 1‘ of arc. Similar tables for every 10°
of latitude can readily be computed,

..—
~~E. E.wi~~~~i~,100,Cit.
~$DeutscheLuftfaImer-Zeit.schrift,Vol. XVII, No. 7, APrfI2,1913. “ Uberdie Be.stlmmungderGeographischenBreiteaus Polatsternbeobmh”

tuugen,” by Dr. W. Leick.
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Latitnde------------------------------------------------------------------------------- L=50° 16’

3. SOLUTIOXS BY MEANS OF XOIIOGRA31SAND DIAGR4JIS

The haversine formulas for zenith distance and azimuth may be written in the form of
the straight line equation .

y= b+mx
as follows:

havz=hav (L– D)+{hav (180 °–(L+D))–ha~ (L–D)} havt
ha-r (90 °+ D)=hav (L–h)+ {hav (180 °–(.L+. h))-hav (L–h.)} hav A

These formulas may be sol~ed on a nomogram which was first published in 1899 b-y
D’Ocagne in his “ Trait-6 de Nomographic.”

Let the sides of a square (fig. 20) be divided according to the ha-rersines of angles from
0° to 180° and the corresponding points on opposite sides be connected by straight lines. The
left-hand side is uumbered from bottom to top in degrees and the right-hand side in the reverse
order, likewise in degrees. The upper and Iomer edges are numbered from left to right in
degrees and in time units, respecti~ely.

To find. zenith distance, enter the diagram at the left with L– D and at the right with L + D,
and join these points by a straight line. Find the hour angle (t) ab top or bottom and follow
alo~~ the ~erticaI to the straight line already determinecl. Then pass horizontally to the left-
hand scale and read off the zenith distance.

To find the azimuth, the left and right hand scales are entered with L – 7L and L + h, respec-
ti_reIy, and the straight line drawn as before. The left-hand scaIe is then entered with 90° – D
and the horizontal followed to the straight Iine. The vertical from this point is fo~owed to the
top scaIe from which the azimuth is read.

If the altitude, or zenith distance, be known, the hour artgle may be determined by re-rersing
the last two steps in the procedure for tiding the zenith distance.

—
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The nomogram is simple and convenient, but, unfortunately has one greati diswlvantago.
If it be made about 15 inches square, an accuracy in zenith dist ante of about 7’ of arc is nossible.
An accuracy of at least 2’ or !’ of arc is desir~ble for aerial navigation] and for this ~ccuracy
the diagram would be incon~eniently large. Furthermore, it cm not bo subdivided, but. must
bo used as a whole.
of “ Spherical triangle
angle diagram. ” “

This nomogram has also been published by Wirnpcris unikr tho name
nomogram:” 26and by iittlehales as the “Altitude, azimuth, and hcmr-

:“. . !
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HOUR5

t

Fm. 20.-D ‘Ocagnenomogram

J.f the astronomical triangle be divided into two right triangles, as shown in Figure 19,

the following formulas express the relations between t.ho various parts:

Cos (90° +-D) = Cos p Cos a

cot t=cot a sin D
ancl Cos A.=cos {(900 –L)–p} Cos a

cot z=cot a sin {(900–L) –/3}

It is evident that the two sets of aquations are of the same form, and thus a graphical
representation of the first set will also represent the second set. Taking B as abscissa and a as
ordinate and plotting values of D and t, ~he diagram in Figure 21 will be obt tiiued, by means of
which the astronomical triangle can be solved in two steps. The procedure is as follows: I?incl
the intersection of the curves corresponding to the given declination (D) and hour angle (t), anti
read the coordinates a and D of this point. Determine a new duo of p according to the rela tion

@= {(900 –.0 – 8}. Loc~to the point ~~-hosecoordinates are a an(l ~’, FiIld the ~zimuth (-1)
and zenith distance Lz) corresponding to this point by means of the declination an(l houfiangle
curves, respeetidy, interpolating between the curves if necessary, Sine.~ the diagram represen~s
ody an octant of a spherical surface, provision must be made for the solution of all astro~umieal
triangles which may be met with in practice. This may be done in either of two ways. ‘rho
diagram may be enlarged to show three octants , or additional graduations may bo applied
to the curves and scales, with appropriate rules for each case. The diagram was published by
Fad and Rol.let de L’Isle in 1892.28
—c

~ B. K.Wimperis,lot. cit.
n proceed(ng~U, S. NavaI Institute, November, 1917. “.tltitude, azimuth,ani hour-anglediagram,” by G. W. Littleha!c.s.
zoAnBalesHydrographiques,1892, “Abaque pour la Determinationdu Point a 18Mer,” by Fav6and Rollet de L’Isle.
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Numerical operations are reduced by the use of this diagram to a single addition or sub-
traction, and a complete solution can be obtained in two or three minutes’ time. Deformations
of the paper ha-re no effect on the accurac~. A scaIe of 2 millimeters= 10’ of arc is required
for an accuracy of 1‘, xhich means a diagram about 40 inches square. This may be ditided
into sheets of convenient size, but the chances for error are thereby increasecl. The necesxity
for a set of rules to determine the procedure to be employed is also a disadva~tage.

Consider a sphere on which are drawn the meridians and parallels properly numbered,
and on this sphere draw the astronomical triangle ZPS. (See fig. 1.) Let this triangle be
me-red over the surface of the sphere in Such a manner that the side ZP will always remain on
the same meridian and untfi the vertex Z coimides tith the OrigbaI position of P. Or, in other
words, rotate the triangle over the surf~ce Of the sphere about an axis through the equator and

case 1

Co5e2.

Co3e3.

~’= ~? (90”-L)
L and D same name – t~%”
Read p on xale II
Anmuthfrcm upper pole, E w W as star B Em W &meridian
L otxl D same name – t>9&
Read (k3@-t) instead of t
Read @ on scale I
A21muth from upFcr W!e, Em W m s!or is EwW d mmidiam
L and D qposite names

-r
-K
-7s

Read 13 m ‘tile I
Azimuth from lower pole, E or W G5 star is Em W ofmeridm

FIO.21.—Far&dia~am

perpendicular to the mericlian 2P. The side ZS, which is the zenith distance, will now coincide
with some meridian, and its length ma~ be read off directly. The angle SZP, Wtich is the
azimuth, will have its vertex at P and Its sides along two meridians. Its -wdue may thus be

determined directly from the graduated circles. If an accwacy of a minute of arc is required,

such a sphere would be incon~eniently large, but any true projection of the sphere could be

used instead.

The stereographic meridian projection has been employed by Littlehales,” of the United

States Hydrographic Office: for this purpose. The, projection is for a 12-foot+ sphere and, since

it. is very large, has been subdivided into 36S o~erlapping sheets. These, together -with a key

diagram, are bound in one -rolume, which is rather bulk-y and not -rer-y con-re~ient for aircraft use.

An accuracy of about 1‘ or 2‘ of arc is obtainable in practically all cases, and the procedure is

.

rapid and fairly simple.

fi ,,.Ntitu@~Zi~~t~,~~~&+~~~ti@JP@~i~~,>>h~G.W.Littl~mcS.p~brih~~h~l@@D@~.
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The Mercator projection has been used in a similar manner by Commander Veater~” of-
the British Navy. The observer’s meridian is taken as the equator of the projection, and
rotation on the sphere becomes translation parallel to the observer’s meridian on the projection.
The projection is divided into sections of a conv-enient size and a key diagram is furnished,

The nomograms and diagrams which have thus far been described are perfectly general
in application and may be used for observations of the sun or moon as well as the stars and
planets. The changes in the right ascensions and declinations of the fixed stars are very small,
and for the purposes of aerial navigation these stellar coordinates maybe considered as constants
for periods of several years. Thus a variety of diagrams is possible for the reduction of
observations of the fixed stars. A few of these are here described for illustration and because
under certain conditions they may prove to be of value to the navigator.

LATITUDE

LATITuDE

ALTITUDES OF REGULUS —R-60~
ALTITuDES OF BETELGEUX ---B-30fl--

FI~. 22.—TITostardiagram

Local sidereal time and latitude are completely determined by the simultaneous altitudes
of two stars. If latitudes be taken as absc~ss~ ~ncl local sidere~l times as ordinates, curves
showing the simultaneous altitudes of two given stars may be constructed, as in Figure 22 .sl
From this diagram, and the Greenwich sidereal time as indicated by his chronometer, the na vi-
gator can determine his position. No tables are required; even the Nautical Almanac is
unnecessary. All computations, including the calculation of hour angles, are eb.inat cd, save
the simple addition and subtractio~ required to find the longitude from the local and Greenwich
sidereal times. Suppose, for example, that on a flight in the United States the following
obser~ations were made:

Altitude of Regulus, 47°.
Altitude of Betelgeux, 52°.
Greenwich sidereal time, 13 hours 20 minutes.

Find on the diagram the point corresponding to the given altitudes, interpolating between
curves where necessary, Read the abscissa of this pojgt giving a latitude of 39° (in round
numbers), and the ordinate giving a local sidereal time of 7 hours 30 minutes. Then subtract
the local from the Greenwich sidereal time, giving a longitude of 5 hours 50 minutes, or 87°

.*
$0H, E. wim~~is, ]OC. ~ft.

~1 Proposedby the author.

.-— -,
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30’ west. The position, a point in southeastern Illinois, can now be plotted on the map. If
the sky happens to be overcast, and only one star is visible, tmo Iatitudes (or locaI sidereal
times) may be assumed and the corresponding coordinates found from the diagram. The
two points thus found will determine a position line on -ivhich the aircraft must be located.

For practical purposes such diagrams shouId have an accuracy of 2’ or 3’ of arc. This
may be attained by a scale of aboui 1 inch to 10 of latitude and correspondingly for the loml
sidereal time. Then a latitude range of 20° (covering practicrdIy all of the United Stat-es)
~ould require a diagram 20 inches in width. Using fme or six pairs of stars suitably chosen,

diagrams -ivouId be available for all nights of the year over this latitude range. These might
be conveniently placed on one sheet of paper placed on rollers in a case si.rdar to the usual form
of map case.

Correction: +0.6 mm. _ VVest+ LOCQI .5idereol Time

12‘“ lip 111= 1[1~ w w w w 9P 9y’ w
% +65’ +@’ +5$’,s~ ,* +.@’ d~ q?’ +%7●W’ /1%II

: II
BETELGEUX (a Work) -

Local Sidereal Time >~ast~

FIG. 23.-Leick diagram

The advantages of this form of diagram are the complete elimination of computations and
supplementary tables, and the simple and very rapid procedure. The chief disadvantage lies
in the fact that hhe diagram can be used only at night. Where space is limited, tie diagram
can be subdivided to cover a range of 10° of latitude in each roll, having a width of about 10
inches, which is not too large for e~en the smalkst airplanes orr which its &e would be necessary

or desirable.
The diagram shows in Figure 23 was published by Leick 32in 1911. Given the altitudes

of Polaris and one other star, local sidereal time, and hence longitude and latitude may be
determined. An example (given by Leick) will illustrate the use of the diagram.

~ laden derHgdrogrzpbiennd 3hrMmen Meteomlogie,Vol 39,N-o.6, Jrme, 1911. (.E~ ~~wfa~enZU AuswertungWronomfsche Orfs.

hestimmungenim Ballonbei Naeht,” by Dr. A. Leick.
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Given:
Altitude of Polaris= h, -=55°35’,
Altitude of Betelgeux = h, = 20043’ (east of meridian).
Greenwich siclereal time= O hours 19.$3minutes.

Along tho left or right hand sca]es find ]1,= 20°43’. Follow the horizontal to the latitude
curve L = h, = 55° 351, and from this point p%ss verticallj downwards and find T~71== -—70’.
Then the latitucle of Lhe observer =Z =Ll + Dh = 54° 25’. Now enter the lef~ or righ~ hand
scales as before, with h2, and pass horizontally to the latitude cur-w L= 54° 25’, and from this

point-downward to t~e time scale, from which find the local sidereal time t. = 1 hour 32.s minutes.

Then the longitude of the observer= X= t=– to= 1 hour 13 minutes or 18° 15’. It is to be
noticed that readings of the upper scales require corrections. The point-on tko scale as found
by the solution should be transferred 0.6 millimeter in the direction of the arrow, and the scale
reading of this new point is the requirecl result.

Fro, Z4.-Baker na~-igatingmach~ne

4. GRAPHICAL SOLUTIONS.

.At any instant the curves of equal altitude for a given star may k considered w a systein
of circles about the substellar point as center. l’hesc circles, together with their great circle
or~hogomdsj may be imagined as a network moving over the surface of the earth from east t.o
west with the change of time and slowly north or south according to the changes in declination
of the star. h~ow if t.lle navigator has a map and a transparent. sheet, on N-lric.hare plot tcd the
curves of equal altitude (to the same projection and scale as the map), he can ioctitc the sheet
of curves on the map according to the geographical position of the st~r, and the curve cor-
responding to his observecl altitude will then be his position line. This principle has been used
by Clornmander Baker 3’ of the British hTa-ryin the construction of the Baker mtvigatirrg machine.
(Fig. 24.) The navigating machine is composec] of a case holding a IWereator map anti a trans-
parent diagram mounted on rollers in such s manner that it may be moved o-wr the surfwe of

i~Transactionsof the Royal AeronatrtiedSociety,No. 2,London. “Position fixingin ~ircraftduriuglong-distancefllg~tsover tires%” tJY

T. 1’. BakerandL. N. Cl.FiIom
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the map. On the diagmm are drawn the curves of equaI altitudes and their great circle orthog-
onal. The -irestrrard motion of these curves is reproduced b~ rolling the diagram over the
map, a Line on the diagram being made to follow a certain parallel on the map. A t~e scale
on the diagram eari be set against some meridian on t,he map, thus Iocating the diagram in the
proper position. The north and south movement of the, cur~es due to changes in the decli~ation
of the st m can not be reproduced in this manner, since the spacing and shape of the curves
wouId aIter in the ifercator projection.

A single diagram suffices for a fked star. A n~ber of star diag~ams are placed on the

same sheet, such parts as do not allow of good cTlts being omitted. Thirteen diagrams are

furnished for the sun, co~tructed at 4° intervals in declination from 24° south to 24°

north. The position line is ~btained b~ insertbg the proper diagmm in the machine and

setting the time scale against the proper meridian. Then the curve of altitude, or the neces-

sary port ion of it, corresponding to the obser~ed altitude is transf errecl to the map by the use

of a bit of carbon paper. If the declination of the star differs materially from that of the dia-
gram, which in general is the case for obsemations of the sun, ~-corre.ction must be made. If
the difference is less than 2°, ~ first order correctio~ is sticient} as the error dl never. be more
than a minute or two. This correction is computed With the aid of a special sIide rule attached
to the machine.

When the St. Hilaire method is used with hf.ercator “charts, the intercept, or the, distance
between the assumed or dead reckoning position ancl the position Ike, must be small in order to
a-roid errors due to the form of projection. About. 1901 FaY6 3’ de-reloped a method which is
essentially an extension of the St. Hilaire method, the restriction being avoided by the use of
the stereographic projection. A map co-rering about. 30° of the earth’s surface is employed,
the central point of the map being aIso the center of projection. (See @ 25.) This central
point is used in place of a clead reckoning or an assumed position. Tables of altituclw and
azimuths, computed for the central point, are furnished to eliminate computations by the
naYigator.

The map is constructed on a transparent sheet of paper or celluloid. Lferidians and par-
allels are shown at 10-minute intervals. (Figure 25 has been simplified for clearness.) A large
circle about the central point is drawn and graduated” in degrees to represent azimuths. On a
separate sheet are plotted the curves of equal altitude, at inter-rals of degrees or con-renie~t
submultiplesj the curves being shown as they would be projected at the center of the map.
A straight line, the azimuth index, is draw-n through the centers of the arcs.

If the obser~ed altituc{e is the same as the tabulated altitude for the central point, the map
is placed o~er the mm-es so that the curve corresponding to the altitude passes through the
central point. The map is then turned uritil the azimuth index passes through the proper
azimuth graduation as determined b~ the tables. The position line is now properly located
and may be traced on the map.

In the general case the obser~ed altitude will differ from the tabular altitude, and a s@htly
clifferent procedure is necessary. The map is oriented over the sheet. of cumes according to
the tabular azimuth and so placecl that the curve correspondirig to the tabukr altitude passes
through the map cerder, The ctrre corresponcling to the obseryed altitude would be the
required position line if there were no di~tort ion in the projection. A correction is necessary,
which may be determined by mexns of the nomogram in Figure 26. The tabular and obsemed
altitudes are found in the corresponding scales, ancl the intersection of a str@ht Line through
these points with the third scale indicates the number of the cur-i-e cif position to be used. The
intersection of the cuwe corresponding to the obsem-ed altitude and the azimuth index is traced
on the map, ancl then the map is mo~ed along the azimuth index until the cur-re found by the
nomogram passes through this point. This cum-e is the position line sought.

Altitudes ancl azimuths for the fixed stars may be tabulated for the central point. Since
interpolations are necessary, Fa~6 ad-rotates the use of so called “ graphical tables. ” A rec-
—

$$111,Con@s Internatiousld’.l$ronautique,Vol. 3, IW5. “ Rechercbes * * $ Determinationdu Point en B&Ilon,”by Fav{.
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tangular net is drawn, the vertical lines being spaced according to m.irmtes of time on a con-
venient scale. Two horizontal lines are drawn for each hour of sidereal time and graduated
according to altitudes and azimuths, respectively. Thus the interpolation can be made graph-
ically, and no numbers need be written dolvn. - A sfigle page of convenient size is sufficient.

L0t7qitude- .

“/.

2=%== ‘1 .=s=s=

FIG. 25.-Fav6 chart

Altifude af fhe cenfrol point (Tobulor)
o 10 20 30 40 55 60 70
!I, rl, , , ! 1<111!,,, ,1!!,,, rlrl ,! ,,!, ,(rb~$rr ~.

[ I I , b

60
Number of curve of posi+io~”

FIG. !26.-FaY&nomo~am

3ection A-A

FIG.27.-The BriIlinstrument

for anv one star. Since the declination of the sun varies continuously, any tables of aItitude.
and azimuth -ivouId be buIky and would require double interpolation.
gests that. the diagram (fig. 21) be used to determine the altitudes and
and also of the moon and planets.

T-herefore l?aw5 sug--
azimuths of the sun
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The map, curves, apd tables may be used for any lo~gitude provided the latitude of the
central point remains unchanged. l?am$ recommends the use of five sets for latitudes of O“;
30°, 45°, 75°, and 90°, respectively. Later, I?am$ improved his method by putking it into
instrumental form. Instead of the sheet of curves, a speciaI protractor and a curved ruler
were devised by means of which the position Iines could be located mechanically.

The principles of the Fav6 method have been utilized by Brill 35 in Germany in the con-
struction of the navigating instrument shown in Figure 27. A circular map in zenithaI projec-
tion covering about 10° of latitude is engmved on a sheet of transparent celluloid mounted in
the frame of the instrument. Two sets of position line curves drawn on tracing Iinen are
furnished. These are mounted, o~e above and the other below the map, on rollers, by means
of which they may be moved across the map. The rolIers are fixed to rings which can be
rotated about the central point of the map, and the azimu~h settings are made in this manner.
Tables of altitudes and azimuths of suitable fixed stars comput~d for the central point of the
map are given. The imtrument. is primarily intended for reducing the observations on fixed
stars,

The Voigt 3’ or “ Orion” instrument, shown in Figge 28, vm.s produced at the Ntotorluft-
schiH-Studien-GeselIschaft d Hamburg, in Germany. This instrument is also b wed on the
same principles as the Fav6 mefihod. The instrument consists of a rectangular metal frame,
about 18* inches by 14* inches, on which is mounted the map and the mechanism for obtaining
position lines. A circular map in azimuthal projection is engraved on a sheet of aluminum
which is pivoted at its central point. hferidians and parallels are shown at one-half degree
intervals. The central meridian is subdivided at two-minute intervals and graduated in degrees
of latitude and aIso in degrees in both directions from the central point. A scale of azimuths
is enggaved around the circumference of the map, and an azimuth index fixed to the frame
is provided. Three maps are furnished, each covering a latitude range of 10°, the central
points being at latitudes 42°, 50°, and 55°, respectively. The position line mechanism is
mounted on a bridge e~oantig by means of gears in two racks on the left and right hand edges
of the frame. This bridge may be moved over the surface of the map and clamped in any
desired position. On the bridge is a flexible metaI ruler which may be set to the proper
curvature by suitable gearing. The curvature for any position line is indicated by a circuIar
scale graduated in de=greesof altitude.

The procedure is rapid and simple. The altitude of a star is measured at a given time,
md from the tables which are furnished the rJtitude and azimuth of the same star from the
central point at the time of observation are found. The curvature of the ruler is adjusted
by setting the altitude scale to the observed altitude. The map is set to read zero azimuth.
Then the ruler is moved until its distance from the central point is equal. to the difference
between the observed and tabular altitudes, being north or south of the centraI point according
as the observed altitude is less or greater than the tabrdar alt,itude. The map is rotated
untiI the azimuth scale is set to the tabular azimuth. The ruler is now in position for dra~~
the position line. A simiIar procedure for a second star gives a second position line, and the
intersection of the two is the observer’s position.

The toposcope, 3’ a recmtly proposed French instrument, is almost identical vvith that of
BriU. A single sheet of curves is supplied, the curves being cut fihrough the paper so that the
position line may be marked directly on the map with a pencil

Littlehales 3sof the United States Hydrographic Ofice has suggested the use of the American
polyconic projection. At the center of the map, which may cover an extensive area, is drawn
a compass diagram with radial lines to a ~graduated circle near the limits of the map. A series

a IHustrierteAeronsutissheMitteihmgen,Vol. .~, h’o. Z?, .Nov.3, 1939. “ Ein Verfahrenw Answdrmg astzonornischePositionsMstim-
mungen,” by Dr. Alfred Brill

wZeitschriftfiir FI@echnik und MotorIuftschMahrGVol. II, N-o.9, M&Y13,1911. “Die me&misch-grapbLsheL6smg desH6henproblems
mit den Voi@schenInstrument,” by HansBoykow.

37Rap@r~ du ICCco~% Inte~tione_l dela &~5vig&ti0nA@rienne,V-OLII, Perk~,December,IW?I. “ Le ‘Toprscope,’ (cben?heurdu Point),”
by Vucetic.

$sProceedingsof the U. S. Nrawi.lInstitute,March, 1918. “The chart es z mesas of fiding geograpbimlpositionhy obwrvationecdcdestis
bcdiesin amid andmarinem~igation,” by G. W. I=ittIehsles.
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of concentric circles spaced according to angular measure is also dravn. The difference between

observed and tabular zenith distances is laid off in tho proper direction and a straight line

drawn perpendicular to the azimuth to represent the position line.. Since the position line is

in reality a curved line, there is an error clue to the use of a straight line, which may reach a

considerable value when the line is long, unless allowance is made for curvature. l?or the

trans-~tkmtic ilight of the hT(2 flying boats, Littlehales prepared a simil~r chart colrering prac-

tically W of the hTorth Atlantic 0cean.3g This chart was drawn according to the Lambert
zenithal projection. Tables of altitudes and azimuths md a protractor or tcmplato for drawing
position lines con~enient]y anti accurately were protided. ‘

.-. ..

-—-. . . .-— — . . .

FIG,SS.-Voigt (“ Orion”) instrument

5, JIECHAN1OALSOLUTIONs

Several instruments for the mechanical solution of spherical triangles,~o as well as a number
of slide rules for calculating azimuihs,41 have been devised. hfost of these instruments are, for

., .<V~fit~On,,J@~1,1920, <,some le~~~~~of the trans.A&t18nticflight,>,by CommodoreH. C. Richardson,U. S. 1~.

*O Wimparisand H_orsley“Nomogram,, SlideR~]e. H. E. Wimperis,iOC.cit.
*1-kDna]ender HydrOgraphieund Maritimen~e[~o~dogie,Vol. 38, NTO. 10, Octobw, 1910. “Der Azimutst8b von R. Nelting,” by Dr. l?.

Kobkchiitter,
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one rehon or ano~her, not suitable for the purposes of aerial na<~at.ion; and the discussion will

be limited accordir@-y to those instruments which appear to be practicable.

The line-of-position computer ~ (fig. ~g) was in~ented by Prof. Charles Lane ?oorl of brew

l“ork. The computer is a slide rule based on the cosine-haverslne formula (Formula 111, on page
X3:). Concentric circular scales are engrarecl on a metal disk about 15 inches in diameter.

.4 circular sheet of transparent celluloid and an arm, each bearing a radial index line, are pi~oted

FIG.29.-Line-of-pmitioncomputer

at the center of the metal disk. The arm is furnished with a cIampirig screw so that it may be

clamped to the celluloid sheet. There are eight graduated circles, ~f ~hich the inner is used for

determining azimuths and the remaiuing se-ren for determining altitudes. The altitude scale
is ~.gaduated at 10’ intervals, but the divisions are large eno~~h so that. single minutes may
be estimated. The instrument is sufficiently accurate and rapid for aerial navigation, but. the
number of scales is confusing and several rules are necessary for determining the procedure to be

‘,: ..~,~Pfifi~d~Taw-@i~~,>lby C!IMS.Lariepoor. h’ev7l’Ork! 1913. Tbe Century Co.
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employed under certain conditions. It is ako rather large and would be inconvenient in a
restricted space.

If the astronomical triangle be divided into two right triangles, as in l?igure 19, the following
simple formulas may be used in solving for the altitude and azimuth:
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FIG.30.—Bygraveslide-ruIe

tan d
tfin y= ~H

If 1 and d&e the same name, Y= (90° –1) +y.

If 1 and d are opposite names, Y = (90° –1) –y.

tan ~ = cos y tan E

Cos Y

tan a = cos A tan Y,
\\Therea = altitude.

~ = azimuth.

1 =latitude.

d = declination.

11= hour angle.

and y and Y are auxiliary angles.

The Bygrave slide ruIe 4’ (Q. 30) is an lhg~ish instrument

which solves the astronomical triangle by the above formtdas.

(The notation is that used on the n.de and is shown in fig, 30.)

The rule consists of three concentric tubes. The inner bears a

scale of logarithmic tangents, the intermediate tube a scale of loga-

rithmic cosines, and the outer tube two pointers, one for each scale.

Complete instructions are given on the instrument itself. The

slide rule is about 9 inches in length and 2$ inches in diameter.

An accuracy of 1’ or 2’ of arc is attainable in almost every case.

The procedure is straightforward, simple, and rapid; and since

there are but two scales, the chances for error me reduced to a

minimum. The procedure must be changed when the azimuth lies

between 85° and 95°, when the hour angle is less than 20’ of arc,

or when the declination is less than 30’. The rule-s for these
exceptional cases are not involved and are printed on the instru-
ment, so that no difficulties need be anticipated.

THE REDUCTIOXOF OBSERVATIONSON I!OARDAIRCRAFT

In marine navigation, a high degree of accuracy is essential in
the reduction of astronomical observations. Other factors, how-
ever, are of equal or greater importance in aerial navigation.
Since aircraft travel at great speeds, position must be fixed at

freauent intervals, at least every hour, and Perhaps e~en mo~e often: MO the aerial navi~~tor.
must do all of the work of na~igating him-self, ~nd he can spare but a few minutes of-very
valuable time for any one operation. Any method} therefore, which is to be of any use in
aerial n&vigation must be rapid. The element of time is of prime importance.

$limplicity follows as a second essential. To be rapid, a method of computation must be as
straightforward and direct as possible, with the number of operations reduced to a minimum.
Furthermore, the same method and the same procedure should be applicable on all occasions;
there is no time to choose between methods. Also the necessary equipment of maps, instru-
ments, books of tables, and so on, must be reduced to the lowest terms.

..~.5
{!TheE~gineer,Mar 3, 1922, “A Position Line SIideRule.”

—
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Accuracy is required, altho~uh not to the same degree as at sea. If an observation has a

possible error of 5’ of arc and the reduction of the observation introduces another possible error of

the same amount, the final result may be off 10’. h accuracy of 2’or 3’ of arc is desirable in

aerial navigation, and a higher degree of precision is -warranted if the speed and simplicity of

the work are not impaired.

~ further requirement is that of convenience. TThen space and time are hm.ited, the navi-

gator can not handle cumbersome books of tables, inconveniently arranged and requiring inter-

polations for every .quantitty to be found. His tools, -whether books, charts, or instruments, must

not only be convenient in themselves but mustt be arrariged in systematic order.

The above considerations apply most particularly to airplanes. Eere the time factor is

of greatest importance and the navigator works under the greatest disadvantages. Experience

alone -ivilI demonstrate the most suitable mekhod. It would seem, however, that the Bygrave

slide ruIe is admirably adapted for the purpose, since it fulfills all the conditions of a practicable

method. Print ed f orms for computation arranged to facilit ale the -work are a necessity. These

forms after use may be kept as more or less permanent records of the work.

In airships, more space is a-railable and consequently the navigator may provide himself

with more equipment. It would seem that the Bygrave slide rule and printed computation forms
would be advantageous for alI ordinary purposes. However, supplementary methods may be

provided for use on special occasions, if the value of these methods fully compensates for the

added equipment required. ~dditional tables and the tsvo-star diagrams, for example, may

prove to be helpful
IX. MAPS AND ACCESSORIES

The aerial na<~ator requires tin-o distinct hypes of maps. His problem is some~hat sirdar

to that confronting the marine navigator who has one seh of charts covering rather Iarge areas

of the sea on which he lays out his route and plots his courses and position lines, and another
set draw-n to Iarger scales present~w the features of coast lines, baysl and straits, and harbors in

more or less detail as may be necessary.

Thus for the purposes of piIoting, or, in other -words, the recognition of his position by the

topographical features of the country over which he is flying, the aerial navigator employs

route maps. These are usually in the f orm of long strips showing an area from 50 to 100 miles

in width from the point of departure to the destination. The ronte map pictures the distinctive

features of the land surface as completely as possibIe. On the one hand, the natud features,

as rivers, lakes, coasts, and mountains are clearly indicated, togsther with information regard-

ing forests, the elevation of the ground surface, and terrain dangerous for landing. On the

other, railroad Iines, highways, cities, afid towns, lighthouses and beacons, and landing fields

of all kinds are indicated. I-n short., the route map must show features of the country which

may aid the navigator in keeping to his course and help him to find safe lan~~ fields for emer-

gencies as well as those fields at -which he wishes to land. The scales used ~ary; the most common

are 1 to 200,000 and 1 to 500,000. Lfuch -work has beencione with a -riew to the perfecting of

the route map, but, although in everyday use, no generally recognized standard has as yet been
produced.

For longg-dist ante flights over the sea and o~er the land, in particular, regions de-roid of
distinctive landmarks, the route map is not sufficient in itself. General maps covering larger
areas are required. These may serve severaI purposes; for example, by their aid the proper
route may be selected; on them can be plotted the course pursued as determinecI by dead reckon-
ing and the position lines found by radio bearings or astronomical observations. The route
maps are not suitable for these purposes, as the areas shown are too limited~ the scale is unneces-
sarily large, and the great amount of detail is confusing.

To be of service in the plotting of astronoroical observations, the general map should ha-re
certain characteristics, and it so happens that these are con~enient, if not essential, for the
other uses to which the map maybe put. The meridians should be straight lines, or -rery nearly
so, in order to facilitate the plotting of azimuths. Furthermore, all great circles should be

52z131-z+21

.
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represented by straight or nearly straight lines. This property is essential, as of t~n the inter-
cept between the dead reckoning or assumed position and the position line is com~tuat ively
large. Finally, all angles should be as nearly true as possible and the scale should be the smle
at all points of the map and in all directions. These requirements can not, of course, be real-
ized except approximately. However, there are several forms of projection which are suitable,
provided too great an area is not shown on one sheet, an example being the Lanlber~ conformal
conic projection.

The size of sheet will depencl on the avaiIable space. Scales of 1 to 1,000,000 and 1 to
2,000,000 ate suitable> the former being preferable for airships on which more accurate naviga
tion is to be expected. Taking these scales for airships and airplanes, respectively, and includ-
ing an extent of 10.1of latitude and a corresponding extent in longitude, sheets about 44 inches
and 22 inches square would be obtained, These are probably the maximum sizes which vruuld
ever be convenient, and ordinarily the area covered would have to be reduced to obtain fi sheet
of usable size.

The map case and plotting table are best combined in a case provided also with space for
such equipment, other than observation instruments, as may be necessary in navigating. The
case would consist of a shallow box hinged at one of the longer edges, each half being from 2
to 3 inches in depth and in length and breadth proportionate to the dimensions of the general
map. This case should be fastened vertically in a convenient position, with the hinged side
down, so that one section can be swung do-m toward the navigator to the horizontal, thus
forming a plotting table.

When opened the horizontal section exposes the generaI map ready for use ancl, if found
desirable, a parallel motion carrying protractor zmd straightedge (similar to the Universal
drafting machine). Under the general map space rnzy be alIowed for extra maps. The vertical
section may contain the Nautical A1manac and other tabIes, the Bygrave slide rule a pad of
computation blanks, pencils, anc~ plotting instrumen~, all in convenient order. Hooded
lamps should be provided for night work.

The route map may be placed in the verticaI section to be exposed when the case is opened
or in the hinged section to show through a window when the case is closed. ‘I’his form of
combined navigating case and plotting table, properly arranged, can be made to fill all the
requirements of navigation by dead reckoning and position finding by the radio compass as well
as by astronomical observations.

X. UTILITY AND APPLICATION OF THE ASTRONOMICAL METHOD

In order to be sure of reaching his objective the navigator must be able at all times durifig
the flight to state his position and the direction in which to travel. Theoretically this is a
simple mat ter; but in actual practioe, especially in aviation, difficulties are continua.11y encoun-
tered which require great skill and judgment on the part of the navigator. There is no one
method of navigation which is applicable at all times and which is sufficient in itseLf. ~acb
method availab~e must be used as occasion demands. In gerieral, navigation consists in the
use of some method giving a more or less continuous record of position, supplemented by other
methods furnishing independent determinations of position by means of vvhich the results at
hand may be checked or corrected. Thus the navigator proceeds by piloting or dead reckoning,
checked by astronomical observations or radio bearings.

In piloting position is inferred by observations of prominent topographical features and
Iandmarks. Even here the astronomical method may often be ‘of great value, for the pilot
may become confused and be unable to-relocate himself, or the visibility may be poor and the
identity of an important landmark doubtful. lm incident related by Russell” will illustrate.
“Another record of the same sort maybe given in Mr. Ault’s words: ‘ The first known inst ante
of an airplane piIot being informed of his position by astronomical methods shoulcl be recorded
here. During my flight to Washington from Langley Field, September 23, 1918,. the visibility

~~H. N. Russell,IOC,cit.
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was very poor. The pilot, Lieut. (lharIes Cleary, x x ~ asked if the ri~er below was the
Potomac. I had just completed drawing in position line No.” 5, which intersected our track at
the Potomac Ri-rer, so I was able to inform him that m-y observations placed us at the Potomac
River.’ “ k

Dead reckoning is the fundamental method of navi~ation, but in aviation it is always
uncertain because of the difficulties of ascertaining the true ground speed. Frequent checks
and corrections are therefore necessary, and it. is the function of the astronomical method to
supply these. .4% nigh~ a complete determination of position can be made by obsertig bwo
or more stars, and thus a complete check on the dead reckoning position k obtainable. ~ur-
ing the daytime, however, only a position line can be found. But this position Iine will. almost
ahrays give valuable information and often alI that the natigator requires. Take, for exampIe,
the special case where the position line is parallel to the course of the aircraft. Then its distance
from the course as Iaid down by dead reckoning will gi-re the navigator an indication of ihe
accuracy of his dead reckoning and perhaps warn him of a change in the direction or intensity

—

of the wind. Similarly, if the position line is perpendicular to the course, the navigator can
determine the appro.timate distance he has traveled. Indeed in this case the course plotted
by dead reckoning maybe regarded as a position line, and its intersection with t-he astronomical
pOsition fine al be the most probable position of the aircraft. The nautical method of finding
two position lines by observations of the sun at zm inteival of time sufEcient to gi-re the required
azimuth difference and then shifting the fist line accord.@@ to the distance and direction
traveled in the interim is of doubtfuI va.he in aerial navigation, and it. will usually be more
satisfactory to consider the position lines separately.

The astronomical position line may, of course, be combined with one found in any other
manner to obtain a complete determination of position. The radio direction finder is
one method which can be used hhis way: and it promises to be of very great due. It is
already in constant use in mari~e navigation. AL the present, howe~er, this method has its
own disadvantages agd can nok be said to have dispIaced astronomical observations. The
obvious procedure is to use each method when most convenient and to supplement the other.
In time of war there might be occasions -when the radio would be of little use, due to interfer-
ence by the enemy, and the astronomical method would then be of very great v-aIue.
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1911

ErN BIIITR~G ZGR ASTROXOMLWEEX ORT.SBESITMXUNG MIT DEM VOIG~SCHE~ IIW,TRaMENR W. Hormel.
Deutsche Zeitschrift. f& LufLscMEahrt, 7 Mar. 1911.

“ORIOX,” EIX XEUER AUSWEZTU&TGSAPPARAT I+5R ASTROXOMECHE ORTSBES~MIJNG IN- ~ER LUFT GKD AUF

DER SEE. E. Wippich. Der Motorwagen, 10 Apr. 1911.

DIE ORIEXTIER~-GSFRAGE. E. W1ppich. Der Motorwagenj 10 ApriI 1911.

DIE MECHAXISCH-GRAPHISCHE LOSUNG DES HOHEXPROBL~MS M:T DEM VOIGTSCHEX INSTRUXE~~. Hans

Boykow. Zeitschriffi fiir Fh@echnik und MotorlufLschMahrt, 13 May 1911.

A~RONA=GATIO~. Hans Boykow. Oes~err. FIug-Zeitschrii~, 25 July 1911.

ASTROXOMISCEE AEROHLVTG&TIOX. Oesterr. Flu~-Zeitschrift, 10, 25 Aug. 1911.
INSTRUMENTZURGRAPmSCHEXATE.WERTUNGASTRONOWSCHERPOSPTIONS-BES~IMXUNGENZiACE DER STAfii-

L1~IEXXETHODE. A. Brill. LufkchifFahrt, Flugtechnik und Sport, 31 Aug. 1911. Mo, Deutsehe

.Zeitschrift fiir Lufi.schiffahrtj 23 Aug. 1911. Also, Hartmann & Braun, Frankfort a. M., 1912.

LOSIiIJG DES ZWEIEOH~XPROBLEMS IN D~R KAETE. -4. Wademeyer. Annalen der Hydrographies und Mariti-

men Meteorolo,gie, Sept. 1911.

BEMERKUXGEX ZUR -4sTrtoxoxIscEEY ORISB~STIMMUXG IM LUZTFAHRZEUG. A. Marcuse. Deutsche .Zeii-

schrift fiir Luftschit7ahrt, 29 h~o~. 1911.

HOCHSEEXAVIGATIO~ mi LriFTSCEIFF. Hans Boykow. Zeitschrift fiir Fh@ecbnik und 310torluftschHahr$

30 Dec. 1911.

EIOEEXAZI~UT-RECEEYSTAB. E. KoMsch~&ter: Annalen der Hydrographies und Mari~.imen Meteorologie,

Dec. 1911.

TEE AERML -4GE. Walter WelIman. A. R. I&ler Co., New York, l~lL

1912

I~STRUME~T ZUB AIWWERTUNG -VOXGESTIRXSE6HEXBEOB~ CETUXGEY m DER KARTE. .& Wedemeyer. Zeit.

schrifk fiir Flugtechnik und MotorluftschiiTahrt, 13 Jan. 1912. .

ZCR FRA.GE DER ORTSBESTIMMUXG XACE FXSTERXEX WT DEX LIBELLEXQO.ADR.kbTEX. S. v. Kobbe. Deutsche
Luftfahrer-Zeitschrif~, 6 Mar. 1912.

BESTIWIUXG DER GEOGRaPHTSCHEN LZXGE AUS FEXRTER~BEOBACHTUXGE~. IV. Leick. Deutsche Lufifahrer-
Zeitschriffi, 20 Mar. 1912.

Em LIBELLEXQUADRAKT IX XEUER FORM FtYR ASTROXOMISCEE ORTSBESTrM~U~GEH. W. Lindt. Deutsche
LuftTahrer-Zeitsehrtit, 29 May 1912. AIso, AnnaIen der Hydrographies und Ma-itirnen Meteorologic, Jan.
1912.

AS~ROXOmSCHEORTSBESTIWGNGENMIT HILFE VON hrOXOGRAMMEN.W. Leick. Zeikdmiifi ffir Flugtechnik
und MotorIuftscWahrt, 14 Sept. 1912.

Em LIBELLHNQUADRMWIN NEUER FORM FttR ASTRONOmSCELEORTSBES~IMMUNGEN(ZAEh~OGEN-H6EEN-
WESSER). E. Hartmann. Aunalen der Hydrographies und Maritimen Meteorologie, Sept. 1912. .4-$0,
Deutsche Luftfahrer-Zeitschrift, 2 Oct. 1912.

ORIENTIERUNGUNDNAVIGATIONm LUFTFAERZEUG. Hans Boykow. Deutsche Luftfahrer-Zeitschriffi, 24 Oct.

1912.

FAHRTBERICEi~ DES B+iLLON “BITTERFELD L“ Erich Kern. Deuksche Luftfahrer-Zeitsclmiffi, 24 Dec. 1912.

ASTRONOWSCHE ORTBESTIWUJNGE~ mr BESOfiDERER BERtiCKSICETTGU~G DER LDFTSCRZWAHRT. W. I&ck.
Quelle & Mayerj Leipzlgj 1912.

UBER EIXEY XEUER KREISELKOMPASS. Th. Bruger. Jahrbuch der Wifsenachaftliche GeseLlschaft fti Flug-

technik (his 1914), 1., 1912–13. BerliE, 2. Lief., 1913, 125-129.

1913

LIBELLEXHORIZONT mm LIBEL~ENSEXTAWL K. SehwrmzschiId. Zeit-schriit fiir Fh@.echnlk und Motorluft-

schiffahri, 12 July 1913.

STERIiZEIT-TR~NSFORMATOR. A. Schiiize. Annalen der Hydrographies und Mariiimen MeteoroIogie, Feb.

1913. Also, Deutsche Luftfahrer-Zeitschrift, 5 Feb. 1913.

ZGR THEORIE DES LIBELLE~QUADRAWPEX. H. H. Kritzinger. Deuksche Luftfahrer-Zeitschrift, 19 Feb. and

14 May 1913.

WISSEXSCHAFTIJCHE IXSTRUMEFiTE. Deutsche Luftfahrer-Zeitschriit, 5 Mar. and 14 May 1913.

~BER DIE BESTIX~UNG DER GEOGR~PHISCHE~ BREITE AUS POLARSTERKBEOB~ CHTUXGE~. W. Leick. Deutsche
LufLfabrer-Zeitschrift, 2 Apr. 1913.

ORT- uNm ZEITBESTIMMUKGEX. Grosse. Deufmche Luftfahrer-Zeitachriifi, 14 May 1913.

~-GSSERUNG zu DEW AUFSATZ DES HERRX DR. H. H. KRITZINGER“ ZUR TEEORIE DESL~BELLENQUADRANTEN.”
S. v. Kobbe. Deutsche Luftfahrer-Zeitschrift, 14 May 1913.
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BERICHTUBERASTROVO~ISCHEUXD MAGNETISCHEORTSBESTr~HUXGS-VEESUCHEm BORDDESLUFTSCHI~FES
“ HANSA.” J. Moller, Mitteihmgen des Luftschiffbau Zeppelin IX, Zeitschrift ftir Flugtechnik und Motor-
Iuftschiffahrt, 27 Sept. 1913.

EINE AUSSTELLUNG VON MESSAPPARATEN. H. Wachsmuth. Jahrbuch
fur Flugtechnik, 1913.

TAFELN ZWR ASTRONOMISCHEN ORTSBESTIM~UNQ MIT EINERSTERNKARTE,

1914

CONDENSATION OF TEE TABLES OF THE AZIMUTH OF CELZSTML BODIES.
ington Academy of Sciences, 4 Oct. 1914.

A SPECML METEOD OF FINDINQ TIIE SUMNER LINE. G. W. Littlehales.

Sciences, 4 Nov. 1914.

tier Wfssenschaftliche Gesellschafk

A, Kohlschtitter. 1913.

G. TV. Littlehales. Jourm=d Wash-

Journal Washington Aeaclemy of

GYROSTATS .~ND GYROSTATIC ACTION. Andrew Gray. Smithsonian Report for 1914.
REPORT ON GYROSCOPIC THEORY. Greenhill. Advisory Committee for Aeronautics (Br.], Reports and Memos.

No. 146, 1914.
1916

BEHAVIOR OF LEVELS WHEN SUBJECT TO VIBRATIOX. A. Mallock. Advisory Gommittee for .4eronautics (Br.).
Report 1916-IT.

1917

FINDING THE AZIMUTH FOR DETERMINING THE SUXNER LINE. G. W. Littlehales. Proceedings U. S. Naval
Institute, Apr. 1917.

ALTITUDE, AZI~UTH, .4ND HOUR ANGLE DIAGRAM. G. W. Littlehales. Proceedings D. S. Naval Institute,
Nov. 1917.

AIR NAVIGATION FOR FLIGHT OFFICERS. A. E. Dixie. London, 1917.

1918

DIAGRAM FOR GRAPHICAL CORRECTION TO BE APPLIED TO Ex-MERIDI.4~ ALTITUDES. Comdr. E. B, Fenner.

Proceedings U. S. Naval Institute, Jan. 1918.
THE CEIART AS A MEAES OT FINDING G~O~RAPH~CAL POSITION BY OBSiTRVATIOXS OF CiIL~STIAL BODIES IN

AERIAL AiXD .~ARIXE hT~VIG~TION. G. W. Littlehales. Proceedings U. S. Naval Institu@ Mar. 191S.

A XEW METHOD OF US~N-GALTITUDE .4ND AZIMUTH TABLES TO OBTAIN A SHIP’S POSITIOX AT Smi. Lieut,
A. B. C1ements. Proceedings U. S. Naval Institute, 1918.

THE SGARCE FOR IW.TRWMEXTAL M~A~s TO EXABLE NAVIGATORS TO OBSERYIZ THEI ALTITUDE OF A CELIISTIAL

BODY WHEX THE HORIZON IS NOT VLSIBLE. G. W. Littlehales. Proceedings U. S. Naval Institute, Aug.

1918.
CAPT. WIZIR’S AZIMUTH DMGR.ML Lieut. E. R. McC1ung. Proceedings U. S. Naval Institute, 1918.

Ax IXTERPOLATIIVG INSTRU~EXT TO EXPEDITE TFIE USE OF AQTJWOJSTABLES IN NAVICMTIOIT. Lieut. A. Forbes.

Proceedings U. S. Naval Institute, 1918.
THE NET UTTX~RK CHART. Proceedings U. S. Naval Institute, 1918.

ALTITUDE OR POSITION LINE TABLES. Frederick Bali. J. D. Pbtter, London. (In 3 volumes.)

AZKPLUTI+SOF THD SKJN. U. S. Hydrographic OiTice, Publication No. 71, 1918.
ALTITUDE, AZIMUTH, AND LIIJE OF POS~TIOX TABLES. U, S. Hydrographic Office, Public_ation No. 200, 1918.
SIMPLI~I~D NAVIGATION FOR SHIPS AN-DAIRCRAFT. Charles Lane Poor. Century Co., New York, 1918.
GYROSTAT]CS AND ROTATIOPIAL MOTION. Andrew Gray. ~facMillan & Co., Ltd., Lonclon, 1918.

PRACTICAL TABLES FOR N~VI~ATORS AND AWATORS. Armistead Rust. Philadelphia, 191S.

NAVIGATION UXD S~EiUAXSCHAFT m SEEPLUGZEEC. Th. E. Sorinichson. R. C. Schmidt & Co., Berlin, 191S.

MAP READING FOR AVIATORS. Chas. B. Benson. N’ew York, 1918.

1919

ZUR STORU~GSTHEORIE DES KREISELPENDELS. R. Gammel. Zeitschrift fur Flugtechnik und Motor Luft-

schiffahrt, 25 Jan. 1919.
SUL PROBL~MA DELL’ ORIENTMIENTO—UN hTuovo DIAGRAMMA XZIMUTALE. L’Aeronauta, .Jan. 1919.

LIBELLENQU~DRAXT MIT SCHNELL.WLESDNG. Zeitschrift fir Feinmechanik, 5 May, 1919.
BEMERKU~~EFi ZUM ARTIKEL: ZUR ST6RUXGSTHEORIE DES KREISELPEND~LS VON R. GAIIXIEL. Hans BoyJkow..

ER_WIDERUNGDAZU, R. Garnmel. Zeitschriffi fur Flugtechnik und Motorluftschiffa.hr$ 28 June, 1919.
REPORT ON TFIE NAVIGATION OF AIRCRAFT BY SEXT~XT OBSERVATIONS. H. N. Russell. Proceedings of the

Astronomical Society of the Pacific, June, 1919.

TEE BAKER AIR S~XTiiNT. T. Y. Baker. Transactions of the Op~kal Society (London), June, 1919.
AIR NAVIG.LTIOIi. H. E. Wimperis. Aeronautical Journal, Aug., 1919 (with discussion). Alsoj Aeronautics,

8 May, 1919. Also, Flight, 8 May, 1919.

GE~ERN, kIETHODS OF AERIAL N.AVIGATION. Thierry. Lecture, French Aerial Navigation Society

17 Dec., 1919.
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AIR NAVIGATION, Noms Am EXAMPLES. S. F. Card. Edw. Arnold, London, 1919.
AXEF.ICAX PRACTICAL &’AnGATOE—BOWDITGEL ~-. S. H@rographic OilZce.
SI~ULTMEOUS ALTIT~DES AND AZIMUTHS OF CELESTIAL BODIES. ~. S. Hydrographic Office, Publication

No. 201, 1919.
1920

(FRENCH GYRO-SEXTANT.) The Aeroplrme, 21 Jan., 1920.
AU StioN DE L’IMRONAUTIQUE. L’A6ronautique, Jan., 1920.
W Gm.oscoPIc Co~P~s: A N-ON-MAYEGWATICAL TREATMRXT. The Er@neer, 16 Jan. to 5 Mar., 1920.
POSITIONFIXINGm AIRCRAFT DURING Lox~ DISTANCE FLIGHTS OVER ~ SEA. T. Y. Baker and L. N. G.

FiIon. Transactions of the Royal Aeronautical Society, London, Mar., 1920.
How AIRUEX FIND T=IR WAY. H. E. Wmperis. Aeronautical Journal, Mar., 1920.

14 Apr., 1920 (extracts).
BAKERSEXTANT. U. S. Patent Specification No. 1337912,20 Apr.l 1920.
NAVIGATIONALREPORTSONCERTAINTRANS-A.TLANTICANDAFRW.M FLIGHTSm-1919-20.

for Aeronautics (Br.), Apr., 1920.
FORCEDV-IBRATIOXSm AEROPLMW INSTRUMENTS. H. E. Wimperis. Aeronautical

(Br. ),ReDorts and Memos. No. 6S5, Am., 1920.

Also, The Aeroplanef

Advisory Committee

Research Committee

&R& ~AV&AmON lWTRGCTIO~S (PR’ov&o~m). Air Service Idormation Circular VOL 1, No. 82, 15

June, 1920.
LES Docuwmms AMROXAUTIQUES. Thierry. L’A6ronautique, June, 1920.
SOW LESSONS OF m TRANSATLANTIC FLIGHT. Comdr. H. C. Richardson. Aviation, 1 July, 1920.
REPORT ON 1,000 MILE “ HANIILEY PAGE” NTA~GATION FLIGHT. Instrument Design Establishment Royal .Mr

Force, Aeronautical Research Committee (Br.), Sept., 1920.
Som TESTS ON NAVIGATION INSTRUMENTS DURING A FLIGHT OF RIGD ArEsmP H. M. A. ,R-33. L.C. Bygrave.

Aeronautical Research Committee (Br.), Reports and Memos. No. 702, Sept., 1920.

T. S. F. ET ?TAVIGATION MRIENXE. DenieIou. L’A&onauti~ue, Nov., 1920-

DESI~N OF INSTRUMENTS FOR TEE NAVIGATION OF AIRCRAFT. G. 1~. B. Dobson. Geographical Journal
(London), Nov., 1920.

THE PROSPECTIVE UTILIZATION OF VESSEL-TO-SHORE RDIO-COWMS BEA.RIXGS IN AERIAL AND TRANS-
OCEA~TC NAVIGATION. G. W. LittJehales. Journal of the American Society of Naval Engineers, 1920.

Amwmms OF CELESTLAL BODLHS. TJ. S. Hydrographies Ofiice, Publication No. 120, 1920,
OUR ATLANTIC APTEJIPT. Grie~e, 1920.
A PRWZR OF &R NAVIGATION. EL E. THrnperis. ConstabIe & Co., Ltd., London, 1920.
PRINCIPALS AID PRACTICE OF AERIAL ~7AVIGATION. J. E. Dumbleto~. Crosby, Lockwood k Son, London, 1920.
FLYING = ATLAITTIC rx SIXTEEX HOGRS. Sir Arthur W!aitten Brown. Frederick A. Sto@ CO., &’ew

York, 1920.
TRAITfi PR~TIQUEDE LA h-AVIGAmONfiRIENX=. H6brard and DuvaL L’A6ronau~.ique, 192C-21.

1921

GRAPHIQUES Porm LA DaTERMXATIOX DES Rom.cEs OR~HODROWGUES SUR LA PROJECT~O~ DE MERCA~OR

Fav6. Compte-rendus de l’Aeademie des Sciences, 31 Jan., 1921.

AIRSHm P~LOTLVG. G. H. Scott. Aeronautical Journal, Feb., 1921 (with discussion). Also, Aeronautics,

9 Dec., 1920.

pOSITIO~ p~OTM2?~ BY R.AD1O~EARIKGS. E. B. cO~US. Proceedings U. S. Naval Institute, Feb., 1921.

TABLE 1 CARTE ET PORTE-CARTE. L’.4&onautique, Mar., 1921.
Am XAVIGAmOK IXSTRUMEXTS.. Air Ministry, Directorate of Research, Air Publication 803, .kpr., 1921.

FISCHER SEXT&YT. U. S. Pate~t Speci6cationa No. 1376327, 26 Apr., 1921, No. 13S6695, 9 Aug., 1921, and

No. 140993S, 21 Mar. 1922.

ANSCHtiTZ ArtifiCial HORIZON. A. Gradenm-i~z. Aeronautics, 2 June, 1921.
NGOVA ANAVIGAZIOXE; ASTROXOWIC&-LE RETTE DI POSIZIO&%—TEORIA—APPKJCAZrO XE—TAVOLE. G. Pes.

Review in Nature, Aug. 18, 1921.

LES CARTES ET LES REP6RES .&kROXAUTIQUES I~TERXATIOXA& B1ondel la Rougery. Premier CoQgr&
International de la Navigation -4&ienne, Paris, Nov., 1921, tome 2, Rapports, p. 119.

EFFECT OF TEMPERATURE AND PRESSURE ON WATCHES AND CHRO~OMETERS. M. Leroy. Premier Congr&s

International de la Navigation A&ienne, Paris, Nov., 1921.
(TESTS -WITH FA~-fi SEXT.NT ox D~R~GIBLES—CAPT. LMWmAU). Premier Coq@s International de Ia Naviga-

tion A6rierme, Paris, L’ov., 1921, tome 3, pp. 328-329.
.

APPARErLS PERXETT~~T DE REPERAGE DE LA POS~TIO~ D‘cm A6RohxY. Volmerange. Rapports du Premier

Congrk International de la Navigation A&ienne, Vol. 1, Paris, NoT-., 1921.

LE “TOPOSCOPE” (CHERCHEURDU POINT). Vucetic. Rapports du Premier Congr~ International de 1a
Navigation A&ieme, Vol. 11, Paris, Nov., 1921.
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NAVIG~TIO~AL FLIGHTS -iiiD TESTS OF NAVI~ATING INSTRITMENZS. Aeronautical Research Committee (Br.),

Report for 1920-21, and supplemen-t to the report for the year 1920-21.

NAVICIATI~ IN VLI~GTUIG~~. Luft. J. S. C. Olivfer. Marineblad, 3, affev., 1921.

1922

METHODS OF AIR NAVIGATION. Herbert V. Thaden. Aviation, 27 Feb., 1922.

A POSITION LINE SLIDE RULE. The En~neer, 3 Mar., 1922.
-” APS AND hTAVIQATIONMETHODS A. Duval. Aerial Age Weekly, S May, 1922, (Translated from Premier

Congr&s International de la Navigation A$rienne, Paris, Nov., 1921, pp. 150–155.)
LE RAID—DE LISBOiVNE AU ROCHER DE STE. P~uL, COUTINHO ET SACADURA. L’A4rophi1e, 15 May, 1922,
GENERAL CLASSIFICATION OF INSTRUMENTS AND PROBLEMS INCLUDING BIBLIOGR~PIIY. M. D. Hersey.

National Advisory Committee for Aeroriautics, Report No. 125, 1922.
ON THE APPLICATION or TEE GYROSCOPE TO TEE SOLU’TIONOF TEE “TTERTICAL” PROBLIMI OF AIRCR.AFT. J. G.

Gray. Proceedings Royal Society of Edinburgh, vol. 42, 1921-22, pp. 257-317.
AERIAL hTA~IGATION AND NAWG~Tr~G INSTRUMENTS. H, N. Eaton. National Advisory Commi~ke for

Aeronautics, Report No. 131, 1922.
1923

TEE PROGRESS OP RESEARCH AND EXP~R~SENT. W. G. H. Salmoncl. Third Air Confere~ce, London, Feb.
1923. (Abstract in Flight, 23 Feb., 1923.)

AERONAUTIC INSTRUMENTS. F. L. Hunt. Bureau of Standards, Technologic Papers, No. 237, 16 May, 1923.

L’EIJPLOI DES M6TEODES DE NAVIGATION IZST IIiDISPENSABLE .4u Succ&s DBS TRAFiSPORTS AfiRIENS Cox-
iWERCIAUX. A. B. Duval. International Air Congress, London, June, 1923.

L.4 NAVIGATION AtiEHIZNNE EIi FRANCE. Volmerange. Inter~ational Air Congress, London, June, 1923.

NAVI~ATIOiX E~tiIPIJEIir FOR LOTJG-DISTMVCE FLIGHTS. Ef. E. Wimperis. International Air Cowress,
L~don, June, 1923.

LA NMTEODEDE NAWGATIONDEL’AMRAL GAGO COUTINHO. Lecointe. L ‘A&ophile, 1-15 June and 1-15

July, 1923.
A NOVEL INSTRUIIiZNT XOR NaVigateS. Scientific American, _Sept., 1923, p. 173.

AERIAL NAVIGATION. A. P, Rowe. Journal of the RoyaI Aeronautical Society, Sept., 1923.
THE SUMNER LINE OF POSITION FU~~ISHED READY TO LAY DOTVN UPON T~~ CHART BY MmiFw OF TABLES

OF SIMULTAFJIIOWSHOUR ANGLE AI-TD AZ~XUTH OF CELESTIAL BODIES. U. S. Hydrograpbic Office,

Publication No. 203, 1923.
1924

SOME RECENT DEVELOPMENTS IN AIRCRAFT INSTRUMENTS. H. E. _iVimPeris. Journal of the Royal Aeronautical

Society, Jam, 1924.
ALTITUDE AND A91MUTH TABLES. Radler de Aquino. Brazilian Centenary Edition, J. D, Potter, London,

1924.


